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ABSTRACT
The hypervelocity star (HVS) survey conducted at the Multiple Mirror Telescope (MMT) identified 42 B-type stars in the Galactic
halo whose radial velocity in the Galactic rest-frame exceeds +275 km s−1. In order to unravel the nature and origin of those high-
velocity outliers, their complete six-dimensional phase space information is needed. To this end, we complemented positions and
proper motions from the second data release of Gaia with revised radial velocities and spectrophotometric distances that are based
on a reanalysis of the available MMT spectra of 40 objects using state-of-the-art model spectra and a tailored analysis strategy.
The resulting position and velocity vectors for 37 stars were then used as input for a subsequent kinematic investigation to obtain as
complete a picture as possible. The combination of projected rotational velocity, position in the Kiel diagram, and kinematic properties
suggests that all objects in the sample except two (B576, B598) are very likely to be main sequence stars. While the available data
are still not precise enough to constrain the place of origin for 19 program stars, we identified eight objects that either come from
the outer rim of the Galactic disk or not from the disk at all, along with ten that presumably stem from the Galactic disk. For almost
all of those 18 targets with more or less well-constrained spatial origin, the Galactic center (GC) is disqualified as a possible place
of origin. The most notable exception is B576, the origin of which coincides extremely well with the GC when assuming a blue
horizontal branch (BHB) nature for it. HVS 22 is by far the most extreme object in the sample. Although its origin is completely
unconstrained, an ejection from the GC by the Hills mechanism is the most plausible explanation for its current Galactic rest-frame
velocity of 1530+690−560 km s
−1.
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1. Introduction
The population of faint blue stars in the Galactic halo is domi-
nated by white dwarf (WD), hot subdwarf, and blue horizontal
branch (BHB) stars. However, now and then, some stars have
turned out to be normal main sequence (MS) stars of spectral
type B (Greenstein 1966; Greenstein & Sargent 1974; Keenan
& Dufton 1983; Tobin 1987). These stars are not expected to
be found in the halo because the clouds from which they formed
are located in the Galactic disk rather than in the halo. Therefore,
MS stars in the halo are believed to have been ejected from their
place of birth in the Galactic disk and, accordingly, the term run-
away stars was coined (Zwicky 1957; Blaauw 1961). The stars
have to travel fast in order to reach their present-day positions in
the halo within their comparatively short lifetimes. Every major
survey for faint blue objects in the halo has continued to find MS
B-type stars (e.g., Saffer et al. 1997; Heber et al. 1997; Lynn
et al. 2004b,a). Silva & Napiwotzki (2011) list 96 bona-fide run-
away B stars located beyond 1 kpc from the Galactic disk with
ejection velocities up to ≈ 400 km s−1.
The most extreme runaway stars, the so-called hypervelocity
stars (HVS, for a review see Brown 2015) were first discovered
serendipitously by Brown et al. (2005), Hirsch et al. (2005) in the
Sloan Digital Sky Survey (York et al. 2000), and Edelmann et al.
(2005) in the Hamburg ESO survey (Wisotzki et al. 1996), trav-
eling with speeds that exceed their local Galactic escape velocity.
HVSs have also been discovered among hot subdwarf stars (e.g.,
HVS 2, which is also known as US 708, Hirsch et al. 2005; Geier
et al. 2015) and WDs (Vennes et al. 2017).
These discoveries triggered a systematic search for more
blue stars with high radial velocities in the Galactic halo. Since
HVSs are distant objects and thus rather faint, it is not straight-
forward to obtain spectra with sufficient signal-to-noise ratio
(S/N) to reveal their nature. The first HVS survey by Brown et al.
(2006) was later extended using the 6.5 m Multiple Mirror Tele-
scope (MMT) on Mount Hopkins, Arizona, yielding a moderate
resolution survey that covered 12 000 square degrees of the sky,
the so-called MMT HVS survey (Brown et al. 2009, 2014). This
survey finally led to the discovery of 21 HVSs and 16 runaway
stars of late B spectral type (Brown et al. 2014). Brown et al.
(2015) added five additional objects and studied the kinematics
of 15 of them using proper motions measured with the Hubble
Space Telescope (HST). Recent additions of four stars (Zheng
et al. 2014; Huang et al. 2017; Li et al. 2018) to the list of HVSs
of A and B spectral type came from the LAMOST survey (Cui
et al. 2012). The latest one (S5-HVS1, Koposov et al. 2020) from
the Southern Stellar Stream Spectroscopic Survey (S5, Li et al.
2019) is also the most extreme one, because its Galactic rest-
frame velocity of 1700 km s−1 is record-high.
A classical ejection scenario for runaway stars is the binary
supernova scenario developed by Blaauw (1961) in which the
secondary star of a close binary system is ejected when the
core-collapse of the more massive primary unbinds the binary.
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Alternatively, close encounters between (binary) stars in dense
stellar clusters or the gravitational collapse of proto-stellar clus-
ters may lead to the ejection of stars, most likely of the lightest
one involved (dynamical ejection scenario, Poveda et al. 1967).
Both of these classical scenarios are, however, not capable of
ejecting stars beyond ≈ 500 km s−1 at the most (e.g., Portegies
Zwart 2000; Gvaramadze et al. 2009; Perets & Šubr 2012; Tau-
ris 2015; Oh & Kroupa 2016), see the discussion in Irrgang et al.
(2018b, 2019). Runaway stars from those two channels could
reach Galactic escape velocity only if their ejection happens to
occur in the direction of Galactic rotation, which would give
them an additional boost.
The only mechanism that is thought to be powerful enough
to eject HVSs is the slingshot mechanism proposed by Hills
(1988). Via tidal interactions, a binary system may be disrupted
during a close encounter with a supermassive black hole, lead-
ing to the ejection of one component with a velocity as large
as 4000 km s−1. In this scenario, the place of origin must be the
Galactic center (GC) as it is the only site in the Galaxy that hosts
a supermassive black hole. The recent discovery of S5-HVS1
(Koposov et al. 2020), whose trajectory points to an origin in
the GC, may be considered as the smoking gun for the Hills
mechanism. The origin of HVSs may, however, be extragalac-
tic as well. The Large Magellanic Cloud has been proposed as
a potential source of HVSs (Boubert & Evans 2016; Boubert
et al. 2017). Indeed, the unique object HVS 3 has been suggested
to originate from the Large Magellanic Cloud (Edelmann et al.
2005). This idea was supported by chemical tagging (Przybilla
et al. 2008) and finally confirmed with Gaia astrometry (Irrgang
et al. 2018a; Erkal et al. 2019). Another extragalactic scenario in-
volves the disruption of dwarf galaxies by the Milky Way (Abadi
et al. 2009). However, simulations by Piffl et al. (2011) rendered
this possibility unlikely because the perturber needs to be un-
bound itself and the HVSs would travel along with the perturber.
ESA’s Gaia space mission revolutionized astronomy by pro-
viding proper motions, parallaxes, and photometry of unprece-
dented precision for 1.3 billion objects. Its second data release
(Gaia DR2, Gaia Collaboration et al. 2018) immediately trig-
gered publications reporting spectacular discoveries, such as
hypervelocity WDs as surviving companions of dynamically
driven double-degenerate double-detonation Type Ia Supernovae
(D6 stars, Shen et al. 2018), and partly burnt runaway stellar
remnants from peculiar thermonuclear supernovae leaving the
Galaxy (Raddi et al. 2019). The previously known B-type HVSs
were readily studied from the new Gaia data (Irrgang et al.
2018a; Brown et al. 2018; Erkal et al. 2019). The nature of can-
didate HVSs of low mass was also clarified by Gaia data leading
to the elimination of all but one of them (Boubert et al. 2018).
On the other hand, Gaia DR2 paved the way to search for new
HVSs because it also provides radial velocities of cool stars,
albeit limited to relatively bright ones. New cool nearby (10–
15 kpc) high speed stars have been reported (e.g., Bromley et al.
2018; Marchetti et al. 2019; Du et al. 2019). However, Boubert
et al. (2019) pointed out that the radial velocities of a couple of
those candidates may be flawed by blending with nearby stars as
confirmed by independent radial-velocity measurements in one
case. Additional ground-based spectroscopy is required to clar-
ify their nature.
While proper motion measurements from Gaia are far supe-
rior to any ground-based ones, high-precision parallaxes are still
limited to relatively nearby stars. To ease this problem, Bayesian
statistical methods have been developed (Bailer-Jones 2015; As-
traatmadja & Bailer-Jones 2016; Bailer-Jones et al. 2018), which
might be useful for distances of about 10 kpc under the premise
that an appropriate prior is available. The latter, however, is very
difficult to derive in the case of ejected stars.
Because B-type HVSs are so far away, mostly beyond
30 kpc, Gaia parallaxes are too uncertain to draw firm conclu-
sions and will remain so even at the end of the Gaia mission.
Therefore, spectrophotometric distances are and will be crucial
to understand the kinematics of HVSs. This requires high-quality
spectra, sophisticated model atmospheres and synthetic spectra,
as well as an objective analysis strategy. Over the past years,
those tools have been developed (Przybilla et al. 2011; Irrgang
et al. 2014). Recently, we applied them to 14 out of the 42 high-
est velocity stars of the MMT HVS sample (Brown et al. 2018) to
derive their spectrophotometric distances (Irrgang et al. 2018b,
henceforth Paper I). Combining these distances with Gaia DR2
proper motions, we studied the kinematic properties and sites
of origin of those 14 stars (Irrgang et al. 2018a, henceforth
Paper II). This particular subsample was chosen because HST
proper motions are available that allowed a cross-check to be
made, which showed that proper motions from both sources are
consistent.
In this work, which we regard as Paper III in this series, we
extend the spectrophotometric analysis to 40 out of the 42 high-
velocity outliers of the MMT HVS sample. We did not have ac-
cess to the spectra of the two missing object. Complete astromet-
ric data is available for 37 of them, allowing us to carry out a sub-
sequent kinematic analysis as well. In Sect. 2, we describe our
model atmospheres and synthetic spectra. Section 3 illustrates
how these models are used to fit the observed MMT spectra and
derive atmospheric parameters as well as radial and rotational
velocities. In Sect. 4, spectral energy distributions (SEDs) are
constructed and spectrophotometric distances and stellar param-
eters are derived. Those are then used to perform the kinematic
analysis presented in Sect. 5. In Sect. 6, we discuss our results.
Finally, we present our conclusions and our outlook in Sect. 7.
2. Model atmospheres and synthetic spectra
We calculated a grid of synthetic spectra with solar chemical
composition following the so-called ADS approach (Przybilla
et al. 2011), which involves a sequence of the three codes At-
las12 (Kurucz 1996), Detail (Giddings 1981; Butler & Giddings
1985), and Surface (Giddings 1981; Butler & Giddings 1985).
Assuming local thermodynamic equilibrium (LTE), Atlas12
computes the initial atmospheric structure which is then used
by Detail to compute population numbers for specific chemical
species in non-LTE. As we did previously in Paper I, we itera-
tively feed back the resulting population numbers for hydrogen
and helium to Atlas12 to incorporate deviations from LTE also
in the computation of the atmospheric structure. Once this itera-
tive process has converged, a final synthetic spectrum with more
sophisticated line-broadening data is calculated with Surface.
The resulting grid of synthetic spectra spans a range in effec-
tive temperature Teff between 9000 K and 16 000 K (in steps of
250 K) and surface gravities log(g) between 3.0 and 4.8 (in steps
of 0.2). Our recent improvements of all three codes, namely the
implementation of the occupation probability formalism (Hum-
mer & Mihalas 1988) for hydrogen and ionized helium – fol-
lowing the description given by Hubeny et al. (1994) – as well
as state-of-the-art line broadening tables for hydrogen (Tremblay
& Bergeron 2009), are included as well. These changes result in
a much more realistic representation for the region around the
Balmer jump and are thus very important for the analysis of the
available spectra, which cover exactly this region.
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The list of spectral lines included in the ADS grid is tai-
lored to B-type stars. Going to cooler temperatures, that is, to
A-type stars, a rapidly increasing number of metal lines shows
up in the spectrum that is not implemented in the grid. To cross-
check whether this affects our analysis, we compared our results
with those based on models computed with a combination of
Atlas12 and the LTE spectrum synthesis code Synthe (Kurucz
1993), which contains many more metal lines. The correspond-
ing grid covers temperatures between 7200 K and 11 000 K (in
steps of 200 K) and gravities between 3.0 and 4.6 (in steps of
0.2). The relatively large overlap between the two grids was cho-
sen on purpose to enable us to analyze many stars with both sets
of models in order to check whether our results are model de-
pendent, which turned out not to be the case. In the following,
we will therefore only refer to the results obtained with the ADS
grid.
3. Spectral analysis
The basic strategy of the spectral analysis is very similar to Pa-
per I. However, there is one significant improvement, namely
that flux-calibrated instead of normalized spectra are considered
here. Consequently, we also re-analyze the objects from Paper I
to have a homogeneously studied sample.
3.1. MMT survey data and relative flux calibration
The spectra analyzed in this work were taken during the MMT
HVS survey and kindly provided by Warren Brown. A prime
goal of that survey was spectral classification rather than a high-
precision quantitative analysis. Consequently, the average S/N of
the co-added – for some of the stars, more than one spectrum is
available – spectra is only of the order of 10–30 because most of
the targets are quite distant and thus very faint, even for a 6.5 m
telescope. Table 1 lists the number of individual observations as
well as the wavelength-averaged S/N of the co-added spectra.
The low S/N and the relatively small wavelength coverage
of the MMT spectra make it crucial to use as much informa-
tion as possible to determine accurate temperatures and surface
gravities. Consequently and in contrast to Paper I, we fitted flux-
calibrated rather than normalized spectra to also exploit the in-
formation contained in the slope of the continuum as well as in
the shape of the Balmer jump. The effective temperature mainly
affects the height of the Balmer jump while the surface gravity
primarily its slope. By using this approach, the derived values
for Teff and log(g) are more accurate and less uncertain, which is
important for the spectrophotometric distance estimation where
both parameters contribute significantly to the error budget. Our
relative flux calibration followed the typical procedure, that is,
we corrected for Rayleigh scattering, aerosols (see e.g., Patat
et al. 2011), telluric absorption features (Moehler et al. 2014),
and then use a standard star to calibrate the flux. MMT spectra
for the flux standards were taken from the same night whenever
possible, otherwise from the previous or following one. The flux-
calibrated reference spectra of the standards were available in the
HST CALSPEC database (Bohlin et al. 2014).
3.2. Fit method
The spectral analysis strategy basically followed Irrgang et al.
(2014). The underlying idea was to simultaneously fit all in-
dividual spectra of a star over their entire spectral range using
the concept of χ2 minimization. Given the limited quality of the
available spectra, it was not possible to determine abundances of
individual chemical elements. Therefore, a solar chemical com-
position was assumed and the microturbulence was kept fixed
at 2 km s−1, which is characteristic of late B-type MS stars. We
were thus left with four fitting parameters for the stellar spec-
trum: the effective temperature Teff , the surface gravity log(g),
the projected rotational velocity 3 sin(i), and the radial velocity
3rad. Because we dealt with flux-calibrated spectra, we also had
to consider interstellar reddening. Using the extinction law by
Fitzpatrick (1999), three additional parameters were introduced:
a distance scaling parameter, the color excess E(B − V), and
the extinction coefficient RV , which was kept fixed at its typi-
cal value for the interstellar medium, that is, RV = 3.1.
3.3. Cross-checks against medium- and high-resolution
spectra
Medium- and high-resolution spectra with larger spectral cover-
age are available for a few objects of the sample. By compar-
ing the results based on those spectra with the ones based on the
MMT spectra, we are able to validate our approach. The first test
case is B1085, for which two MMT spectra with exposure times
of 120 s and 660 s are available. In addition, we obtained four
flux-calibrated X-shooter (Vernet et al. 2011) spectra with indi-
vidual exposure times of 1200 s in the UVB and the VIS chan-
nel, which together span a range of 3600–9400 Å. The second
test case is HVS 5, for which we downloaded HIRES (Vogt et al.
1994) spectra from the KOA archive, which have already been
analyzed by Brown et al. (2012). We reduced the data anew, per-
formed a continuum normalization, and co-added the blue chan-
nel of all nine exposures. The corresponding spectral fits for both
targets are shown in Figs. 1 and 2 and the resulting atmospheric
and derived stellar parameters are contrasted in Tables 2 and 3.
The good agreement between results based on MMT spectra and
medium- to high-resolution spectra of different spectral coverage
is very reassuring, showing that we can derive accurate parame-
ters from the flux-calibrated MMT spectra.
3.4. Atmospheric and stellar parameters
The results of the spectral analysis are summarized in Table 1
and visualized in Fig. 3. All program stars except one (B598)
have surface gravities and effective temperatures that are per-
fectly consistent with a MS nature. The surface gravities de-
rived here are on average lower than those reported by Brown
et al. (2014), naturally solving the issue that some stars such as
HVS 11, HVS 12, and HVS 19 were lying below the ZAMS, a
result that was barely compatible with a MS HVS nature. The
atmospheric parameters of some stars would also be consistent
with BHB stars, that is, evolved stars of lower mass; see Fig. 4.
An important criterion to differentiate between the two cases
is stellar rotation. BHB stars tend to rotate slowly (less than
a few tens of km s−1, Behr 2003) while MS B-type stars typ-
ically rotate fast (hundreds of km s−1). Indeed, most program
stars rotate rapidly (see Table 1 and Fig. 5), predominantly with
3 sin(i) = 50–200 km s−1. While three stars rotate even faster than
300 km s−1, only a handful of targets shows low projected rota-
tion velocities (upper limits of ≈ 50 km s−1). All slowly rotating
stars except B576 are located outside the region enclosed by the
ZAHB and the TAHB (see Fig. 4) indicating that they do not be-
long to an old population of low mass BHB stars. Low 3 sin(i)
values of MS stars could be explained by low inclinations i, that
is, by seeing the object almost pole-on.
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Table 1. Results of the spectroscopic analysis.
Object Teff log(g) 3rad 3 sin(i) χ2red S/Ntot N
(K) (cgs) (km s−1)
HVS1 10 290 3.49 832.5 236 1.31 24.8 5
Stat. +30−40
+0.02
−0.02
+2.7
−2.6
+9
−9
Sys. +110−110
+0.04
−0.04
+1.6
−1.6
+4
−1
HVS4 13 890 3.97 605.0 122 1.29 24.0 2
Stat. +60−50
+0.03
−0.02
+3.0
−2.9
+11
−12
Sys. +140−140
+0.04
−0.04
+0.6
−1.5
+2
−1
HVS5 12 550 4.09 541.5 123 1.27 12.2 1
Stat. +90−80
+0.04
−0.04
+5.9
−5.9
+19
−19
Sys. +130−130
+0.04
−0.04
+2.3
−1.5
+1
−1
HVS6 12 390 4.30 606.3 79 1.13 12.5 1
Stat. +80−80
+0.04
−0.04
+5.3
−5.5
+23
−23
Sys. +130−130
+0.04
−0.04
+3.7
−2.8
+9
−9
HVS7 12 950 3.96 521.8 52 1.60 29.6 1
Stat. +30−30
+0.02
−0.02
+2.2
−2.2
+12
−13
Sys. +130−130
+0.04
−0.04
+1.3
−1.1
+10
− 6
HVS8 10 880 4.06 498.9 276 1.42 25.8 1
Stat. +50−40
+0.02
−0.02
+3.3
−3.1
+12
−10
Sys. +110−110
+0.04
−0.04
+1.4
−1.3
+7
−2
HVS9 10 760 3.44 621.3 353 1.43 20.2 2
Stat. +40−40
+0.02
−0.02
+4.3
−3.9
+10
−10
Sys. +110−110
+0.04
−0.04
+0.5
−0.5
+0
−9
HVS10 10 640 3.94 468.0 87 1.18 12.0 1
Stat. +60−60
+0.03
−0.03
+4.4
−5.0
+18
−19
Sys. +110−110
+0.04
−0.04
+0.3
−0.3
+1
−6
HVS11 9530 4.12 483.4 187 1.26 15.9 5
Stat. +50−50
+0.03
−0.02
+4.3
−5.1
+17
− 9
Sys. +100−100
+0.04
−0.04
+0.5
−0.5
+2
−1
HVS12 11 020 4.08 545.1 11 1.19 14.0 3
Stat. +50−50
+0.03
−0.03
+3.8
−3.4
+32
−11
Sys. +120−120
+0.04
−0.04
+0.3
−0.2
+13
−10
HVS13 10 810 3.92 570.8 187 1.24 14.7 3
Stat. +60−60
+0.03
−0.03
+5.2
−4.9
+16
−35
Sys. +110−110
+0.04
−0.04
+1.5
−0.5
+1
−1
HVS14 11 420 4.01 540.0 148 1.28 16.1 2
Stat. +60−60
+0.03
−0.02
+4.5
−4.5
+19
−19
Sys. +120−120
+0.04
−0.04
+2.2
−4.0
+6
−2
HVS15 11 000 4.07 464.0 127 1.33 11.4 2
Stat. +50−90
+0.04
−0.04
+6.2
−6.2
+27
−26
Sys. +110−110
+0.04
−0.04
+2.6
−2.3
+2
−1
HVS16 10 550 4.06 423.7 165 1.21 13.3 2
Stat. +60−60
+0.04
−0.03
+5.3
−5.4
+20
−19
Sys. +110−110
+0.04
−0.04
+0.4
−0.3
+0
−0
HVS17 12 620 4.09 255.5 129 1.30 23.5 2
Stat. +40−40
+0.02
−0.02
+3.0
−3.0
+13
−15
Sys. +130−130
+0.04
−0.04
+1.5
−2.2
+1
−5
HVS18 11 600 3.88 239.4 132 1.31 21.6 4
Stat. +40−50
+0.02
−0.02
+3.4
−3.2
+18
−16
Sys. +120−120
+0.04
−0.04
+2.0
−1.5
+5
−9
HVS19 11 480 4.17 593.4 224 1.23 8.3 3
Stat. + 90−120
+0.04
−0.06
+9.1
−9.0
+27
−43
Sys. +120−120
+0.04
−0.04
+2.2
−0.7
+1
−1
HVS20 10 160 3.78 510.5 316 1.28 14.3 4
Stat. +90−90
+0.06
−0.03
+5.4
−5.5
+20
−11
Sys. +110−110
+0.04
−0.04
+2.9
−2.9
+0
−0
HVS21 12 760 4.10 357.4 47 1.30 11.1 1
Stat. +90−70
+0.04
−0.04
+5.5
−5.4
+62
−47
Sys. +130−130
+0.04
−0.04
+2.8
−3.9
+50
−29
HVS22 10 350 3.94 596.4 156 1.21 9.0 3
Stat. +100− 80
+0.06
−0.04
+7.4
−7.7
+32
−31
Sys. +110−110
+0.04
−0.04
+0.5
−0.3
+1
−0
Object Teff log(g) 3rad 3 sin(i) χ2red S/Ntot N
(K) (cgs) (km s−1)
HVS23 10 400 3.60 248.9 112 1.32 4.3 1
Stat. +160−230
+0.09
−0.12
+14.4
−14.3
+51
−59
Sys. +110−110
+0.04
−0.04
+0.2
−0.1
+2
−0
HVS24 10 900 3.95 496.0 213 1.24 16.6 2
Stat. +60−60
+0.03
−0.03
+4.2
−4.4
+17
−19
Sys. +110−110
+0.04
−0.04
+1.5
−1.5
+1
−2
B095 9850 4.17 206.8 89 1.30 15.1 6
Stat. +60−50
+0.05
−0.03
+4.2
−4.1
+14
−12
Sys. +100−100
+0.04
−0.04
+0.5
−0.5
+4
−2
B129 10 720 3.56 351.7 177 1.12 12.4 1
Stat. +70−70
+0.03
−0.04
+5.1
−4.3
+19
−20
Sys. +110−110
+0.04
−0.04
+2.5
−1.5
+1
−2
B143 10 910 4.03 217.6 269 1.30 15.7 1
Stat. +70−50
+0.03
−0.03
+4.8
−4.8
+21
−18
Sys. +110−110
+0.04
−0.04
+2.4
−0.9
+1
−3
B167 11 250 4.20 297.9 0 1.19 19.4 1
Stat. +40−40
+0.02
−0.02
+2.6
−2.8
+34
− 0
Sys. +120−120
+0.04
−0.04
+0.5
−1.1
+2
−0
B329 10 800 3.85 213.7 58 1.24 8.0 1
Stat. +100− 80
+0.06
−0.05
+6.8
−7.2
+34
−48
Sys. +110−110
+0.04
−0.04
+1.4
−0.4
+7
−7
B434 10 140 3.84 441.3 89 1.33 35.0 3
Stat. +40−40
+0.02
−0.02
+1.9
−1.9
+9
−8
Sys. +110−110
+0.04
−0.04
+2.2
−2.1
+ 7
−13
B458 9810 3.80 454.0 104 1.23 6.1 1
Stat. +120− 90
+0.05
−0.05
+9.6
−8.5
+26
−23
Sys. +100−100
+0.04
−0.04
+1.4
−0.3
+2
−1
B481 10 300 3.61 133.1 190 1.28 7.4 1
Stat. +120−160
+0.06
−0.06
+8.9
−8.3
+24
−30
Sys. +110−110
+0.04
−0.04
+2.1
−1.8
+1
−1
B485 15 710 3.92 422.7 81 1.51 40.1 1
Stat. +70−50
+0.02
−0.02
+1.8
−1.8
+9
−8
Sys. +160−160
+0.04
−0.04
+1.0
−1.9
+ 7
−11
B537 11 760 3.75 150.9 181 1.23 7.5 1
Stat. +120−140
+0.06
−0.07
+9.3
−9.2
+37
−29
Sys. +120−120
+0.04
−0.04
+1.7
−2.7
+15
− 1
B572 10 920 4.23 130.0 138 1.27 6.4 1
Stat. +140−140
+0.06
−0.06
+10.7
−12.2
+40
−38
Sys. +110−110
+0.04
−0.04
+2.3
−3.7
+1
−1
B576 11 400 3.70 216.1 47 1.33 27.9 1
Stat. +30−30
+0.02
−0.02
+1.9
−1.7
+12
−13
Sys. +120−120
+0.04
−0.04
+0.4
−0.3
+8
−8
B598 10 730 4.52 282.5 192 1.13 17.0 1
Stat. +60−70
+0.03
−0.03
+4.6
−4.8
+18
−15
Sys. +110−110
+0.04
−0.04
+1.0
−1.7
+1
−1
B711 10 410 3.98 267.6 17 2.54 36.4 1
Stat. +30−40
+0.02
−0.02
+1.6
−1.7
+16
−17
Sys. +110−110
+0.04
−0.04
+1.5
−1.8
+12
−17
B733 10 280 4.04 351.4 278 2.83 53.2 1
Stat. +30−30
+0.02
−0.01
+2.2
−2.0
+7
−7
Sys. +110−110
+0.04
−0.04
+2.4
−1.8
+9
−6
B1080 10 700 3.89 501.5 150 1.21 14.3 2
Stat. +70−70
+0.03
−0.03
+4.6
−4.5
+21
−22
Sys. +110−110
+0.04
−0.04
+2.2
−1.2
+1
−1
B1085 11 020 3.79 483.9 319 1.27 23.9 2
Stat. +40−40
+0.03
−0.03
+3.7
−2.5
+10
−12
Sys. +120−120
+0.04
−0.04
+0.9
−0.4
+0
−9
B1139 11 660 4.26 65.7 30 1.37 8.0 1
Stat. +120−120
+0.06
−0.05
+7.4
−8.2
+45
−30
Sys. +120−120
+0.04
−0.04
+3.4
−4.3
+15
−24
Notes. Statistical uncertainties (“Stat.”) are 1σ confidence limits based on χ2 statistics. Systematic uncertainties (“Sys.”) cover only the effects
induced by additional variations of 1% in Teff and 0.04 in log(g) and are formally taken to be 1σ confidence limits (see Irrgang et al. 2014 for
details). The quantity χ2red is the reduced χ
2 at the best fit. The total number of available spectra is denoted in the ’N’ column, whereas the total
S/N is given as quadratically added S/N of all available spectra.
We conclude that most of the program stars are likely MS
stars. Under this assumption, stellar masses M, ages τ, radii R,
luminosities L, and ratios of actual angular velocity to critical
velocity Ω/Ωcrit can be derived by comparing the stars’ position
in the Kiel diagram with theoretical predictions; see Fig. 3. The
outcome of this exercise is tabulated in Table 4.
The nature of B598 remains unclear for the moment because
its effective temperature places the star below the ZAMS, al-
though it is rapidly rotating. Two evolutionary scenarios can ex-
plain stars in this region of the Kiel diagram. On the one hand,
we note that the locus of the ZAMS is a function of metallicity.
The lower the metallicity, the more compact the stars, the higher
their surface gravity. Hence, B598 could be a low metallicity
MS star of an old stellar population. Such stars are classified
as blue stragglers, and correspondingly B598 may be a rejuve-
nated 2–3 M MS star. Another class of stars are the rare pro-
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Fig. 1. Comparison of best-fitting model spectrum (red) with observation (black) in the case of B1085. Residuals χ are shown in the lower panels.
The left figure shows one of the available MMT spectra, the quality of which is typical for the sample. The right figure shows an exemplary
flux-calibrated X-shooter UVB spectrum. Contrary to the absolute fluxes, the calibration of the relative fluxes is almost identical, demonstrating
that our procedure for relative flux-calibration works. Combined with synthetic spectra that properly account for the Balmer jump, this enables us
to derive reliable effective temperatures and surface gravities.
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Fig. 2. Same as Fig. 1 but for HVS 5. The left figure shows a flux-calibrated MMT spectrum while the normalized co-added HIRES spectrum is
shown in the right figure. Light colors mark regions that have been excluded from fitting, e.g., due to data reduction problems.
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Fig. 3. Position of the program stars in the Kiel diagram. Evolutionary
tracks for rotating (Ω/Ωcrit = 0.4) MS stars of solar metallicity and dif-
ferent initial masses (Georgy et al. 2013) are overlaid in red. Red filled
circles and numbers mark the age in Myr. The locus of the zero-age MS
(ZAMS) is indicated as a gray dashed line. Error bars are 1σ and cover
statistical and systematic uncertainties. The two objects (B576, B598)
for which a MS nature is unlikely are marked in gray (see Sect. 6.2.3).
Table 2. Atmospheric and derived stellar parameters for B1085 based
on two different sets of spectra.
MMT X-shooter
Teff (K) 11 020 ± 120 10 890 ± 120
log(g) (cgs) 3.79 ± 0.05 3.85 ± 0.05
3rad (km s−1) 484+4−3 491 ± 2
3 sin(i) (km s−1) 319+10−15 290 ± 1
M (M) 3.38+0.10−0.11 3.14 ± 0.1
τ (Myr) 224+24−13 260
+ 9
−11
d (kpc) 42+3−4 37 ± 3
Notes. Uncertainties are 1σ and cover statistical as well as systematic
effects. The derivations of stellar parameters and distances are outlined
in Sect. 3.4 and 4.3.
genitors of extremely low mass (ELM) WDs (see Heber 2016
for details), some of which show surface gravities much lower
than typical WDs (as low as log(g) ∼ 4.8, Brown et al. 2016;
Ratzloff et al. 2019). Both classes of stars are often found in
binaries. Giesers et al. (2019) find that more than 50% of the
blue stragglers in the globular cluster NGC 3201 are close bina-
ries, whereas Brown et al. (2016) found about 85% of the ELM
WDs to be short-period binaries. Typically, orbital periods in
ELM WD binary systems are found to be on the order of tens
of minutes to hours (Brown et al. 2016) and should, thus, lead to
observable variations in the radial velocity unless the orbital in-
clination is very small. Unfortunately, only one single exposure
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Table 3. Atmospheric and derived stellar parameters for HVS 5 based
on two different sets of spectra.
MMT HIRES Brown+ (2012)
Teff (K) 12 550+160−150 12 190
+290
−260 12 000 ± 350
log(g) (cgs) 4.09 ± 0.06 4.11+0.11−0.12 3.89 ± 0.13
3rad (km s−1) 542+7−6 552 ± 3 552 ± 3
3 sin(i) (km s−1) 123 ± 19 132+3−2 133 ± 7
M (M) 3.40+0.10−0.11 3.23
+0.09
−0.07 3.62 ± 0.11
τ (Myr) 149+20−26 160
+60
−70 170 ± 17
d (kpc) 37 ± 4 34+7−5 44 ± 4
Notes. Same as Table 2. Values obtained by Brown et al. (2012) from
the same HIRES data are listed in the third column.
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Fig. 4. Same as Fig. 3 but MS tracks are replaced by loci for the zero-
and terminal-age horizontal branch (ZAHB, TAHB) for a helium abun-
dance of 0.247 and [Fe/H] = −1.48 from Dorman et al. (1993). Stars
with 3 sin(i) < 50 km s−1 are displayed in gray.
was taken in the course of the MMT survey, which is why we
cannot check whether B598 is radial-velocity variable.
The slowly rotating star B576 is located mid-way in the HB
band; see Fig. 4. Anticipating results from the kinematic investi-
gation, it is more likely a low mass BHB star than a MS star; see
Sect. 6.2.3.
3.5. Comparison of spectroscopic results with Paper I
By reprocessing the spectra (relative flux calibration) we were
able to improve the atmospheric parameters of a few stars in
comparison with their previous analysis in Paper I. For most
stars, these differences are well within the given uncertainties,
which is reassuring, because it demonstrates that our results are
typically independent of the details of the applied analysis strat-
egy. However, two cases exist where the revision of the parame-
ters is significant enough to be mentioned explicitly.
4003002001000
10
8
6
4
2
0
vsini [km s−1]
nb
r
Fig. 5. Histogram showing the distribution of 3 sin(i) values for all pro-
gram stars. Typical individual uncertainties (see Table 1) are smaller
than the bin size. Most stars rotate fast and are thus very likely MS
stars.
Compared to Paper I, the surface gravity of HVS 5 is now
∼ 0.1 dex lower. This yields a distance (37±4 kpc) that is ∼ 6 kpc
larger and hence closer to 45± 5.2 kpc, the value by Brown et al.
(2015). As will be discussed in Sect. 6.2.3, the interpretation of
the origin of HVS 5 is quite sensitive to its assumed distance.
In Paper I, we re-classified B711 as an A-type star (Teff =
9170 ± 250 K) based on the shape of the Balmer lines and the
wealth of metal lines visible in the spectrum. Fitting the flux-
calibrated data, however, reveals that the height of the Balmer
jump is much better reproduced by a higher Teff = 10 410 ±
120 K. Both temperatures can reproduce the spectral shape of the
Balmer lines equally well because these lines almost behave the
same when spreading out from their peak strength value between
9500–10 000 K, which leads to ambiguities in the parameter de-
termination. The presence of many metal lines, which we used
as argument for the cooler solution in Paper I due to the fact that
we were lacking sufficient information about the height of the
Balmer jump, now suggests that B711 could be metal rich.
4. SEDs and spectrophotometric distances
As pointed out in Sect. 1, the Gaia parallaxes of our program
stars, which all are quite far away, are too uncertain to be of
any help. Thus, we have to rely on spectrophotometric distances,
which require precise photometry to construct SEDs. Angular di-
ameters and interstellar reddening and extinction result from fits
of the observed SEDs by synthetic ones. The spectrophotomet-
ric distance can then be derived from the angular diameter, the
spectroscopic surface gravity, and the mass from evolutionary
models.
4.1. Photometric data
Photometric data were compiled from a variety of surveys cov-
ering the ultraviolet, the optical, and the infrared mainly us-
ing the VizieR1 catalog access tool. The following catalogs
were queried: For ultraviolet magnitudes the GALEX catalog
(Bianchi et al. 2017, with corrections from Wall et al. 2019 for
the brightest targets). Optical photometry came from Gaia DR2
(Evans et al. 2018, with corrections and calibrations from Maíz
Apellániz & Weiler 2018), SDSS DR12 (Alam et al. 2015), Pan-
STARRS1 (Chambers et al. 2016), SkyMapper DR1.1 (Wolf
1 http://vizier.u-strasbg.fr/viz-bin/VizieR
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Fig. 6. Comparison of synthetic and observed photometry for HVS 1:
The top panel shows the SED. The colored data points (GALEX: vi-
olet, SDSS: blue; Pan-STARRS: green; Gaia: cyan; VST-KiDs: dark
green; VISTA: dark red; UKIDSS: red) are filter-averaged fluxes which
were converted from observed magnitudes (the respective filter widths
are indicated by the dashed horizontal lines), while the gray solid line
represents a model that is based on the spectroscopic parameters given
in Table 1. Only the angular diameter and the color excess were fitted.
The flux is multiplied with the wavelength to the power of three to re-
duce the steep slope of the SED on such a wide wavelength range. The
residual panel at the bottom shows the differences between synthetic
and observed magnitudes.
et al. 2019), BATC (Zhou 2005), VST-ATLAS-DR3 (Shanks
et al. 2015, without the u-band due to known zero-point calibra-
tion issues), VST-KiDS-DR3 (de Jong et al. 2017), and APASS-
DR9 (Henden et al. 2015). Infrared magnitudes were taken from
UKIDSS-DR9 (Lawrence et al. 2013) and VISTA (Cross et al.
2012). Measurements with large or unknown uncertainties as
well as measurements that turned out to be obvious outliers dur-
ing the fitting with synthetic SEDs have been omitted.
4.2. Angular diameter and interstellar extinction
The resulting observed SEDs were compared to synthetic ones
based on Atlas12 model computations (see Sect. 2). For each
star, the model parameters were fixed to their respective spec-
troscopic values (see Sect. 3.4), which is why we were left with
only two free fitting parameters, the angular diameter Θ as dis-
tance scaling factor and the color excess E(B − V) as indicator
for interstellar reddening and extinction. We used the extinction
curve by Fitzpatrick (1999) to account for wavelength-dependent
reddening and keep the extinction parameter RV fixed at 3.1, that
is, its typical value for the interstellar medium. The best param-
eter values and their corresponding uncertainties were obtained
via χ2 minimization, see Heber et al. (2018) for details. In the fit-
ting procedure only a small fraction of data had to be dismissed
as outliers leaving us with an excellent coverage of the optical
spectral range (see Figs. 6, 9, and B.1-B.37) and consequently
high precision angular diameters. The color excesses are small
(E(B − V) ≤ 0.1 mag) as expected for stars at high Galactic lati-
tudes.
4.3. Spectrophotometric distances
The resulting angular diameters Θ = 2R/d were combined with
the stellar radii R = (GM/g)1/2 which are based on the sur-
face gravities g from spectroscopy and the stellar masses de-
rived from evolutionary tracks (see Sect. 3.4). This allowed us
to calculate the spectrophotometric distances d which are listed
in Table 4. For the candidate pre-ELM WD B598 (see Sect. 3.4),
we calculated an additional distance assuming a typical ELM
mass of M = 0.25 M, which results in d = 6.5+1.0−0.9 kpc. We
furthermore examined the BHB case for candidate B576 and de-
termined d = 18.7+1.6−1.5 kpc based on the assumption of a typical
BHB mass of M = 0.5 M.
5. Kinematic analysis
The strategy of the kinematic analysis is identical to that of Pa-
per II. Complementing our revised radial velocities and spec-
trophotometric distances with positions and proper motions mea-
sured with Gaia or HST gave us the full six-dimensional phase
space information that is needed to calculate the trajectories of
the program stars back in time to unravel their (spatial) origin.
Unfortunately, proper motion measurements were not available
for HVS 11, HVS 14, and HVS 23, which is why the kinematic
analysis encompasses only 37 out of the 40 stars in the sample.
Propagation of uncertainties in the spectrophotometric distance,
radial velocity, and proper motions was achieved using a stan-
dard Monte Carlo approach with 1.5 million realizations that ac-
counts also for the correlation in proper motions as provided by
Gaia DR2.
5.1. Proper motions
Proper motions were mainly taken from Gaia DR2 (Linde-
gren et al. 2018). We used the “renormalized unit weight error”
(RUWE, see Lindegren 2018) as given in the ARI Gaia Data Ser-
vice2 as primary indicator for the quality of the astrometric so-
lution. Unlike other quality indicators, RUWE is by design inde-
pendent of the color of the object, which makes it the best choice
when studying blue stars as done here. For all objects in the sam-
ple, RUWE is below the recommended value of 1.4, indicating
that the astrometric solutions are well-behaved. For a subsample
of 15 stars, pre-Gaia proper motions measured with the HST in-
struments WFC3 and ACS were available (Brown et al. 2015).
As discussed in Paper II, proper motions from both sources are
consistent with each other – except for the outlier B711 – sug-
gesting that the Gaia DR2 proper motions of the other 22 pro-
gram stars are reliable as well. In analogy to Paper II, we chose
the more precise measurement when Gaia as well as HST proper
motions were available, which implies that we used HST data
for HVS 1, HVS 10, HVS 12, and HVS 13 and Gaia DR2 data
for B711.
5.2. Galactic gravitational potentials
The trajectories of all targets were computed in two different
Milky Way mass models which primarily differ in the mass and
analytic form of the dark matter halo. Model I is a revision of the
popular model by Allen & Santillan (1991) and Model II is based
on the flat rotation curve model by Wilkinson & Evans (1999).
Both models have been calibrated using the same observational
constraints (for details see Irrgang et al. 2013) and are consistent
2 http://gaia.ari.uni-heidelberg.de/
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with latest results based on Gaia DR2 data (see Paper II). In
contrast to Paper II, we omit Model III because it predicts escape
velocities that are most likely too large.
5.3. Places of origin
Tracing back the trajectories of the targets also gave us informa-
tion about their spatial origin within the Galactic plane. To this
end, we considered only those out of the 1.5 million Monte Carlo
orbits that cross the Galactic plane within the upper 99% confi-
dence limit for the respective stellar age. For B598, this limit was
set to 100 Myr, which clearly exceeds its derived flight time and,
thus, did not affect the outcome at all.
5.4. Ejection velocities
Although the current Galactic rest-frame velocity provides a
good first impression of how extreme the underlying disk ejec-
tion event might have been, it may still be misleading because
it does not account for the intrinsic rotation of the disk. For
instance, stars ejected in direction of Galactic rotation may be
boosted by more than 200 km s−1 while those ejected against
Galactic rotation may be slowed down by the same amount. Con-
sequently, the ejection velocity 3ej,p, that is, the Galactic rest-
frame velocity at plane intersection corrected for Galactic rota-
tion, is a more useful quantity to look at when studying the nature
and origin of runaway and HVSs. In particular, it can help to dis-
tinguish between the various disk ejection mechanisms outlined
in Sect. 1, see, for example, Paper II and Irrgang et al. (2019).
6. Results of the kinematic analyses
The detailed results of the kinematic analyses are listed in Ta-
bles A.1 and A.2 for both Galactic mass models considered
here. The quantities shown there are based on a right-handed
Cartesian Galactic coordinate system in which the Sun is lo-
cated on the negative x-axis and the z-axis points to the Galactic
north pole. Plane-crossing quantities are labeled by the subscript
“p” and are based on all orbits that crossed the Galactic plane
within the maximum backward integration time, which was set
to 15 Gyr. The Galactic rest-frame velocity 3Grf = (32x+3
2
y +3
2
z )
1/2,
the local Galactic escape velocity 3esc, the Galactocentric radius
r = (x2 + y2 + z2)1/2, the ejection velocity 3ej, and the flight time
τflight are listed in addition to Cartesian positions and velocities.
6.1. Flight time vs. evolutionary time
In order to check whether the program stars are consistent with
an ejection scenario, we compare their flight times, which re-
sult from tracing back their orbits to the Galactic plane, to their
inferred evolutionary ages; see Fig. 7. All stars except B598
have ages that, within uncertainties, exceed their respective flight
times, that is, they can reach their present-day position in the
Galactic halo within their derived MS lifetimes. The object B598
does not pass this test owing to its location below the ZAMS in
the Kiel diagram (see Sect. 3.4), which does not allow for a de-
termination of a reasonable MS age.
6.2. Places of origin
In the following, we group the stars in three categories based on
their inferred spatial origin. The first consists of stars for which
the available data are insufficient to constrain the place of origin
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Fig. 7. Time of flight from the Galactic plane to the current position in
the halo vs. inferred evolutionary age assuming a single-star MS nature.
The dashed line is the identity line. B598 is omitted in this plot because
we cannot derive its MS age (see Sect. 3.4). All stars are consistent with
an ejection scenario from the Galactic plane.
because the error contours enclose the entire Galactic disk and
even more (Sect. 6.2.1). The second category comprises objects
whose origin lies far outside the solar circle at the rim of the
Galactic disk (Sect. 6.2.2). Finally, the third group consists of
the best constrained objects (Sect. 6.2.3). Particularly interesting
stars are discussed in separate paragraphs. Unless stated other-
wise, numbers are always taken from Table A.1, that is, they are
based on Model I for the gravitational potential. A comparison
with Model II is presented in Sect. 6.2.4.
6.2.1. Unconstrained origin
Owing to the large uncertainties for the kinematic input pa-
rameters that are mainly caused by the objects’ huge distances,
the origin of 19 stars in the sample is not really constrained;
see Fig. 8. All of them could possibly stem from the Galactic
disk, and in particular from the GC. Because the vast majority
of trajectories of most stars intersects the Galactic plane out-
side of the 20 kpc circle which we use here as a rough bound-
ary for the Galactic disk, the given ejection velocities from the
plane should be considered with caution. With the outstand-
ing exception of HVS 22 (see below), the current Galactic rest-
frame velocities in this group lie between 3Grf = 390+150− 80 km s
−1
(B129) and 3Grf = 970+480−360 km s
−1 (HVS 20). Apart from HVS 21
(3 sin(i) = 47+80−47 km s
−1) and B329 (3 sin(i) = 58+35−49 km s
−1), all
stars in this group exhibit projected rotational velocities that are
significantly larger than 50 km s−1, which hints at a MS nature.
Moreover, the boundness probability of all stars except B1080
(Pb = 67%) is lower than 50%, for most of them it is even equal
to zero. Although the most plausible explanation for the presence
of those apparently young massive stars in the far-distant Galac-
tic halo is the ejection from the Galactic disk by a very powerful
mechanism, the precision of the currently available data is just
not high enough to definitely proof or discard it.
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Fig. 8. Galactic plane-crossing locations for those objects whose origin is not constrained. The black rimmed, red and blue shaded areas mark
regions where 68% and 95% (1σ and 2σ) of the 1.5 million Monte Carlo trajectories intersect the Galactic plane. Three black circles with different
radii are overplotted for reference: a central circle (solid; 1 kpc), the solar radius (dashed; 8.3 kpc), and the Galactic disk (dashed; 20 kpc). To
account for the finite lifetimes of the stars, only orbits that cross the Galactic plane within the upper 99% confidence limit for the respective stellar
age are considered. The number in the lower right corner denotes this fraction of orbits and is displayed in red if the age restriction removes more
than 20% of the Monte Carlo trials.
HVS22 With a current Galactic rest-frame velocity of 3Grf =
1530+690−560 km s
−1, HVS 22 is the star with the most outstanding
kinematic properties in the sample. However, its place of origin
is completely unconstrained; see Fig. 8. The extreme velocity of
HVS 22 is a consequence of its large inferred spectrophotometric
distance of d = 99+16−14 kpc. Key ingredients for the distance deter-
mination are the spectroscopic surface gravity and the assumed
MS mass. Although the S/N of the available spectra is relatively
low, there is currently no indication in the spectral fit nor in the
SED (see Fig. 9) that the derived surface gravity might be incor-
rect. Similarly, the projected rotation of 3 sin(i) = 156+32−31 km s
−1
as well as the fact that the position of the star in the Kiel dia-
gram (see Fig. 4) is well below the ZAHB support the idea that
HVS 22 is indeed a MS star.
6.2.2. Possible outer rim origin
For eight stars in the sample, the precision of the kinematic anal-
ysis is sufficient to conclude that those stars either stem from
the outer rim of the Galactic disk or not from the disk at all;
see Fig. 10. The best candidate for an ejection from the disk
is HVS 8 albeit its ejection velocity of 3ej,p = 440+40−20 km s
−1 is
close to ∼ 500 km s−1, that is, to the upper limit of what classi-
cal disk ejection mechanisms are capable of. For all other stars
in this group, the majority of the Monte Carlo trajectories in-
tersects the Galactic plane outside of the 20 kpc circle. Conse-
quently and similar to the previous group, it is unclear whether
their derived ejection velocities from the Galactic plane are phys-
ically meaningful at all. If the stars indeed came from the very
outskirts of the Galactic disk, the ejection velocities of HVS 7
(3ej,p = 530 ± 30 km s−1), HVS 12 (3ej,p = 610+80−70 km s−1), B434
(3ej,p = 580±20 km s−1), B481 (3ej,p = 630+50−40 km s−1), and B576
(3ej,p = 740+60−50 km s
−1) would more or less clearly exceed this
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Fig. 9. Same as Fig. 6 but for HVS22. SDSS: blue; Pan-STARRS: green;
UKIDSS: red; Gaia: cyan.
aforementioned limit and hence hint at the existence of another
powerful but yet neglected ejection channel, see, e.g., Paper II
and Irrgang et al. (2019). An alternative explanation would be
that these objects either do not originate in the Galactic disk, for
example, because they are of extragalactic origin, or that they are
not MS stars, which would render our spectrophotometric dis-
tance estimation incorrect. However, all stars in this group either
rotate fast or lie outside of the BHB band of the Kiel diagram
(see Fig. 4), which corroborates the idea that they are indeed MS
stars.
Assuming a MS nature, only three stars (B167, B434, B711)
have boundness probabilities larger than 50%, that is, most ob-
jects in this group are likely unbound.
6.2.3. Disk origin
For ten stars in the sample, the precision of the astrometric input
data is high enough to conclude that their spatial origin is very
likely located within the Galactic disk; see Figs. 11, 14, and 16. It
is worthwhile to comment on particularly interesting individual
objects and we shall also discuss the case of B576 here, because,
assuming a BHB nature, its place of origin is well constrained.
B733 With a derived spectrophotometric distance of 12±1 kpc,
B733 is the second closest object in the sample. Combined with
the unprecedented astrometric precision of Gaia, it is possible
to pinpoint the star’s place of origin to a narrow region close
but slightly outside of the solar radius; see Fig. 11. The derived
ejection velocity 3ej,p = 470 ± 10 km s−1 is comparable to the
fastest known disk runaway stars (see, e.g., Silva & Napiwotzki
2011 and Irrgang et al. 2019). Elemental abundances could help
us to better understand the object. Unfortunately, the star rotates
so fast (3 sin(i) = 278+12−10 km s
−1) that a high-precision abundance
analysis will be almost impossible even if spectra of much better
quality were available.
HVS17, B485, and B1139 The places of origin for these stars
are rather well constrained to lie between the solar circle and
the outer rim of the Galaxy (20 kpc). Their ejection velocities
3ej,p = 270–430 km s−1 are also comparable to the high-velocity
tail of the sample by Silva & Napiwotzki (2011).
B143 and B572 The Galactic plane-crossing contours for both
stars locate their origin somewhat beyond the solar circle. How-
ever, the 2σ contours come close to the GC. Hence, the possibil-
ity of a GC origin should not be completely dismissed. Ejection
velocities of 3ej,p = 410+60−50 and 310
+60
−40 km s
−1 place them among
the fastest disk runaways known.
B537 This star is the only one that likely originates in the inner
disk, that is, inside the solar circle. More precise proper motions
are needed to confirm or rule out an origin in the GC. The ejec-
tion velocity (3ej,p = 460+210− 90 km s
−1) is comparable to the most
extreme disk runaways known to date.
HVS5 This object is one of the most interesting program stars
because it is both, very extreme but at the same time relatively
well constrained. Nevertheless, the conclusions about its spatial
origin diverge. While Brown et al. (2018) argue for an ejection
from the GC by the Hills mechanism, we discarded this option
in Paper II because the GC was not within the region where 95%
of all Monte Carlo orbits intersected the Galactic plane. A major
difference between the two kinematic analyses was the assumed
distance. Brown et al. (2018) probably used 45±5.2 kpc (Brown
et al. 2015) while we derived 31.2+3.2−2.5 kpc. Our revised atmo-
spheric parameters now yield 37 ± 4 kpc, which is closer to the
value by Brown et al. (2015). In Fig. 12, we illustrate the impact
of the different distance estimates on the outcome of the kine-
matic analysis. Even though the distance estimates are now in
better agreement, we can still rule out the GC with more than 2σ
confidence. With an ejection velocity of 3Grf = 670+80−60 km s
−1,
HVS 5 is clearly above the limit of what classical scenarios are
capable of.
B598 As already outlined in Sect. 3.4, B598 is a puzzling ob-
ject because its measured log(g) = 4.52 ± 0.05 seems to be too
high to be compatible with a MS nature. The SED of the tar-
get (Fig. 13), which covers observations from the far ultraviolet
to the infrared, shows that there is no reason to doubt our spec-
troscopically derived atmospheric parameters. Elemental abun-
dances could be the key to unravel the nature of B598. How-
ever, the spectral smearing due to the high projected rotation
(3 sin(i) = 192+18−15 km s
−1) will make this a very challenging task
and require spectra of superb quality. For the time being, we note
that if B598 was a MS star, it would be one of our best candidates
for the ejection by the Hills mechanism given its large ejection
velocity (3ej,p = 610± 50 km s−1) and its inferred place of origin,
which encloses the GC; see Fig. 14. However, as discussed in
Sect. 3.4, the star is likely an evolved low mass star of ≈ 0.2 M
in transition from the red giant branch to a low mass helium-core
WD. The corresponding trajectory (see Fig. 15) would then be
typical of a halo star.
B576 Assuming a MS nature for B576, it would be the only
star in the sample for which an origin in the Galactic disk could
be ruled out with more than 2σ confidence (see Fig. 16). Its
current Galactic rest-frame velocity 3Grf = 680+70−60 km s
−1 would
then render the object clearly unbound, which would imply that
it were just passing through our Milky Way. However, the mea-
sured rotational velocity of 3 sin(i) = 47+15−16 km s
−1 in combina-
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Fig. 10. Same as Fig. 8 but for objects that may stem from the outer rim of the Galactic disk or not from the disk at all.
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Fig. 11. Same as Fig. 8 but for objects for which an origin in the Galactic disk is very likely.
tion with the inferred atmospheric parameters, which place the
object right between the ZAHB and the TAHB in the Kiel di-
agram (see Fig. 4), make it much more plausible that B576 is
actually a low-mass BHB star, which would yield a smaller spec-
trophotometric distance (18.7+1.6−1.5 kpc) and hence a lower current
Galactic rest-frame velocity (3Grf = 330 ± 10 km s−1). Interest-
ingly, the resulting trajectory (see Figs. 17) would have almost
no angular momentum and thus very closely pass the GC, which
would be quite uncommon for a halo star. A possible explana-
tion for the lack of angular momentum would be that the star
stems from the central region of the Milky Way. The inferred
ejection velocity (3ej,p = 730 ± 80 km s−1) would strongly hint at
the Hills mechanism. Combined with how precisely the location
of Galactic plane-crossing is known (see Fig. 16), B576 could be
the second star after S5-HVS1 (Koposov et al. 2020) for which
an origin in the GC could be confirmed. Despite its large ejec-
tion velocity, B576 would be gravitationally bound to the Milky
Way due to the strong deceleration in the bulge region. Follow-
up observations with large telescopes are needed to unravel the
nature of this interesting object, for example, in order to deter-
Article number, page 12 of 26
S. Kreuzer et al.: Hypervelocity stars in the Gaia era
1.00
HVS5
1.00
HVS5 Brown (2015)
Fig. 12. Same as Fig. 8 but only for HVS 5. The sole difference in the
two panels is the underlying distance, which is our value of 37 ± 4 kpc
for the left panel and 45±5.2 kpc (Brown et al. 2015) for the right panel.
The smaller distance renders an origin in the GC even more unlikely.
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Fig. 13. Same as Fig. 6 but for B598. SDSS: blue; Pan-STARRS: green;
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Fig. 14. Same as Fig. 8 but only for B598. The sole difference in the
two panels is the underlying distance, which is 23 ± 2 kpc assuming a
MS nature (left panel) and 6.5+1.0−0.9 kpc assuming a pre-ELM WD nature
(right panel). A three-dimensional representation of the trajectory for
the ELM version is shown in Fig. 15.
mine whether the chemical composition in the star’s atmosphere
is characteristic of BHB stars.
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Fig. 15. Three-dimensional orbit of B598 assuming a typical (pre-)ELM
WD mass of 0.2 M in the Galactic Cartesian coordinate system in-
troduced in Sect. 6. The orbit is calculated 15 Gyr back in time using
Model I and is typical of a halo star.
1.00
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Fig. 16. Same as Fig. 8 but only for B576. The sole difference in the
two panels is the underlying distance, which is 51 ± 4 kpc assuming a
MS nature (left panel) and 18.7+1.6−1.5 kpc assuming a BHB nature (right
panel). While the MS option suggests an extragalactic origin, the BHB
option points to a GC origin. A three-dimensional representation of the
trajectory for the BHB version is shown in Fig. 17.
6.2.4. Bound Probabilities in different Galactic mass models
The original MMT HVS sample identified 42 B-type stars whose
Galactic rest-frame radial velocity exceeds +275 km s−1, sixteen
of which were considered bound to the Galaxy as indicated by
their name starting with the letter “B”. With new proper motions
from Gaia DR2 being available, it is worthwhile to reconsider
the bound probabilities of the sample. Whether a star is bound
to the Galaxy or not is determined by the Galactic potential, in
particular the mass of the Galactic dark matter halo.
The (analytic) representations for the different Galactic com-
ponents that we use are consistent with various Gaia DR2
based studies (see Sect. 5.2). Except for three stars (B485,
B576, B1085), all stars originally considered bound likely re-
main bound (probability Pb > 5%) irrespective of the choice of
the Galactic mass model (see Tables A.1 and A.2). With Pb =
2%, B485 and B1085 would likely be unbound in the lighter
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Fig. 17. Three-dimensional orbit (red line; the arrow indicates the
current position of the star) of B576 assuming a typical BHB mass
of 0.5 M in the Galactic Cartesian coordinate system introduced in
Sect. 6. The meaning of the shaded areas is identical to Fig. 8. The
positions of the Sun and the GC are marked by a yellow  and a black
+, respectively.
mass model II. B576 would be clearly unbound (Pb = 0%) in
both Galactic potentials if it were a MS star. However, it is more
probable that the star is actually an evolved star of low mass that
is bound to the Galaxy (Sect. 6.2.3).
It is worthwhile to also reconsider the stars originally con-
sidered unbound. We find two objects (HVS 15, HVS 24) that
are possibly bound (Pb > 5%) in both Galactic potentials and
another four (HVS 7, HVS 8, HVS 16, HVS 17) for which this is
the case at least in Model I.
6.3. Discussion
The main goal of our investigation was to pin down the place
of origin of the program stars, determine their ejection veloc-
ities, and identify the ejection channel. The Hills mechanism
would require the stars to be ejected from the GC. As demon-
strated in Sect. 6.2.1, data quality is insufficient to provide con-
straints for 19 stars. When more precise measurements are avail-
able (Sects. 6.2.2 and 6.2.3) the favored places of origin are in
the Galactic disk, for some it may even be its outer part rather
than the inner. The GC is actually excluded for 16 stars with a
significance of 2σ or more. There remain two objects (B537 and
B576) that may have been ejected from the GC. In particular, the
star B576, which is most likely a BHB star, appears to be ejected
close to the GC.
Ejection velocities have been derived for all stars of the kine-
matic sample. Those discussed in Sects. 6.2.1 and 6.2.2, how-
ever, have to be taken with a grain of salt because their places
of origin are quite uncertain. Therefore we restrain the discus-
sion here to the most reliable results (see Sect. 6.2.3). The ejec-
tion velocities for the eight stars (HVS 5, HVS 17, B143, B485,
B572, B598, B733, and B1139) for which we excluded an origin
in the GC and favor the Galactic disk, range from 270 km s−1 to
670 km s−1 with HVS 5 being the fastest at 670+80−60 km s
−1. Ejec-
tion velocities in excess of ∼ 500 km s−1 are at variance with
predictions of classical scenarios (binary supernova or dynami-
cal cluster ejection; see Irrgang et al. 2019 for a detailed discus-
sion). Interaction with intermediate-mass black holes have been
suggested as a viable ejection process. However, evidence for the
existence of intermediate-mass black holes is lacking.
The potential BHB star B576 is of particular interest be-
cause its ejection velocity of 730±80 km s−1 exceeds even that
of HVS 5. Combined with its probable GC origin, this sug-
gests that B576 has been ejected by the Hills mechanism. The
highest velocity in the sample is that of HVS 22, which ex-
ceeds 1000 km s−1. However, its place of origin remains uncon-
strained. Nevertheless, the extraordinarily high speed favors the
Hills mechanism and, hence, the GC. Its velocity is solely su-
perseded by S5-HVS1, which is the only HVS for which a GC
origin has been inferred beyond any reasonable doubt (Koposov
et al. 2020).
7. Summary and conclusion
We carried out an extensive analysis of the sample of HVSs of
Brown et al. (2014) using their spectra taken with the MMT,
which we flux calibrated anew. State-of-the-art model atmo-
spheres that take non-LTE effects into account were used to per-
form quantitative spectroscopic analyses of 40 HVS candidates.
Applying a well-tested fitting technique, we derived effective
temperatures, surface gravities, and projected rotational veloc-
ities. The location of the stars on the predicted MS band along
with their high projected rotational velocities supports the MS
nature of all but two objects. B576 turns out to be most likely
a BHB star and B598 is probably a very low-mass (0.2 M)
stripped red giant star evolving into a helium-core WD. Compar-
ing the atmospheric parameters to predictions from evolutionary
models, masses and ages were derived. SEDs were constructed
to derive the spectrophotometric distances, which are the most
important ingredients for a kinematic study but cannot be mea-
sured precisely enough by Gaia because the objects are too dis-
tant. However, the second data release of the Gaia mission pro-
vided proper motions of unprecedented precision and accuracy.
Following the procedure already applied to 14 HVSs in Paper II,
we studied the trajectories of 37 HVS candidates in two different
Galactic gravitational potentials to trace their place of origin in
the Galaxy. While the available data are still not precise enough
to constrain the place of origin for 19 program stars, a group of
eight stars unexpectedly appears to come from the outer rim of
the Galactic disk. Nine stars (including B576) are identified to
stem from the Galactic disk while B598 shows typical kinemat-
ics of a halo star. For almost all targets with reasonably well-
constrained spatial origin, the GC is discarded as possible place
of origin. The most notable exception is the BHB star B576, the
place of origin of which coincides very well with the GC. In ad-
dition, its very high ejection velocity of 730±80 km s−1 points
to the Hills’ slingshot as the most likely mechanism for accel-
eration. HVS 22 is by far the most extreme object in the sam-
ple. Although its origin is unconstrained, its current very high
Galactic rest-frame velocity of 1530+690−560 km s
−1 hints at the Hills
mechanism as the most plausible explanation.
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Table A.1. Kinematic quantities for the program stars based on Model I.
Object x y z 3x 3y 3z 3Grf 3Grf − 3esc Pb xp yp zp rp 3x,p 3y,p 3z,p 3Grf,p 3ej,p τflight,p
(kpc) (km s−1) (%) (kpc) (km s−1) (Myr)
HVS1 −101.4 −100.9 83.5 −390 −340 450 710 400 0 −26.5 −34.5 0.0 66.1 −450 −400 480 780 780 176
Stat. +7.6−6.9
+8.2
−7.5
+6.2
−6.8
+160
−160
+130
−140
+170
−170
+70
−40
+70
−40 . . .
+59.8
−37.6
+50.8
−31.7
+0.0
−0.0
+33.0
−32.0
+170
−110
+150
−100
+150
−100
+40
−30
+130
−110
+80
−46
HVS4 −61.9 −14.1 50.8 −360 −300 360 630 230 0 −9.8 23.0 0.0 43.1 −450 −250 440 680 830 127
Stat. +4.1−4.8
+1.1
−1.3
+4.5
−3.9
+180
−180
+170
−180
+160
−160
+110
− 60
+110
− 60 . . .
+51.6
−32.0
+20.9
−17.4
+0.0
−0.0
+27.6
−21.4
+210
− 90
+140
−200
+110
−120
+70
−30
+ 70
−140
+60
−34
HVS5 −32.1 15.9 22.9 −400 310 410 650 190 0 −8.6 −1.1 0.0 9.1 −510 330 460 760 670 52
Stat. +2.2−2.4
+1.7
−1.5
+2.4
−2.1
+30
−30
+50
−50
+30
−30
+10
−10
+20
−20 . . .
+2.4
−2.3
+2.9
−2.7
+0.0
−0.0
+2.3
−2.3
+40
−50
+40
−30
+20
−20
+30
−20
+80
−60
+6
−5
HVS5 (Brown 2015) −37.6 19.5 28.1 −420 270 420 650 210 0 −8.8 1.6 0.0 9.8 −530 310 480 770 740 62
Stat. +3.4−3.4
+2.3
−2.3
+3.3
−3.3
+40
−40
+60
−70
+40
−30
+10
−10
+20
−20 . . .
+3.5
−3.3
+4.6
−4.0
+0.0
−0.0
+3.5
−3.3
+50
−50
+30
−50
+20
−20
+40
−20
+110
− 90
+8
−7
HVS6 −20.4 −23.6 45.0 −150 −150 450 530 90 0 −4.4 −7.0 0.0 17.2 −220 −240 560 640 670 88
Stat. +1.1−1.2
+2.2
−2.4
+4.5
−4.1
+160
−160
+120
−120
+80
−80
+60
−30
+60
−30 . . .
+15.0
−13.9
+12.7
−11.2
+0.0
−0.0
+11.4
− 9.1
+150
− 80
+130
− 60
+40
−50
+50
−40
+90
−80
+17
−13
HVS7 −11.1 −25.1 40.3 −200 0 450 500 50 7 6.0 −21.8 0.0 23.8 −200 −100 510 560 530 81
Stat. +0.3−0.3
+2.1
−2.5
+3.9
−3.3
+90
−90
+50
−50
+40
−40
+50
−40
+50
−40 . . .
+8.2
−7.0
+4.7
−4.9
+0.0
−0.0
+5.4
−4.7
+70
−80
+60
−60
+30
−20
+30
−20
+30
−30
+10
− 8
HVS8 −29.7 −13.2 26.3 −410 80 260 500 40 18 8.5 −16.1 0.0 19.1 −450 −40 350 570 440 84
Stat. +1.6−1.8
+1.0
−1.1
+2.2
−2.0
+60
−60
+60
−60
+40
−40
+50
−40
+50
−40 . . .
+9.8
−7.5
+4.9
−5.4
+0.0
−0.0
+8.2
−5.7
+30
−40
+70
−70
+30
−40
+20
−10
+40
−20
+14
−11
HVS9 −44.8 −70.6 80.9 50 −170 520 710 350 0 −47.8 −40.5 0.0 94.7 0 −230 550 710 770 146
Stat. +3.7−3.9
+7.1
−7.4
+8.5
−8.1
+420
−420
+300
−300
+250
−250
+280
−180
+280
−180 . . .
+70.8
−61.0
+78.1
−41.9
+0.0
−0.0
+49.2
−37.4
+440
−350
+310
−240
+230
−190
+270
−120
+260
−160
+99
−45
HVS10 −14.5 −16.8 70.2 −250 −190 360 500 90 1 24.8 14.1 0.0 35.9 −190 −160 490 570 600 160
Stat. +0.6−0.6
+1.6
−1.6
+6.6
−6.4
+130
−140
+140
−150
+40
−40
+90
−60
+90
−60 . . .
+24.7
−19.0
+27.0
−19.5
+0.0
−0.0
+27.7
−19.1
+ 80
−130
+ 70
−120
+60
−60
+50
−20
+50
−40
+26
−21
HVS12 −26.2 −42.1 59.5 −50 70 550 570 170 0 −19.4 −46.5 0.0 52.1 −80 10 580 600 610 102
Stat. +1.7−1.9
+4.0
−4.5
+6.4
−5.6
+130
−130
+110
−110
+80
−80
+100
− 80
+100
− 80 . . .
+13.6
−13.0
+12.2
−12.1
+0.0
−0.0
+12.3
−12.3
+130
−120
+120
−120
+80
−70
+80
−50
+80
−70
+18
−14
HVS13 −32.4 −72.1 92.7 −660 −40 340 780 430 0 123.6 −53.3 0.0 146.7 −610 −100 400 760 710 238
Stat. +2.3−2.0
+6.7
−5.9
+7.6
−8.6
+220
−230
+200
−200
+150
−150
+210
−180
+220
−180 . . .
+122.7
− 65.5
+77.0
−43.2
+0.0
−0.0
+111.9
− 55.5
+220
−240
+210
−190
+130
−140
+210
−160
+210
−160
+135
− 66
HVS15 −10.5 −34.2 50.7 −60 −160 280 450 30 41 −0.1 −3.7 0.0 44.6 −80 −240 410 510 570 145
Stat. +0.3−0.3
+3.6
−4.1
+6.1
−5.3
+340
−350
+190
−190
+140
−140
+210
−100
+210
−100 . . .
+63.4
−42.6
+48.6
−28.7
+0.0
−0.0
+50.2
−25.1
+300
−240
+190
− 90
+ 80
−140
+130
− 50
+120
−100
+78
−37
HVS16 −1.5 −24.2 60.4 −270 −470 210 680 260 10 51.7 76.7 0.0 126.2 −210 −420 300 640 660 217
Stat. +0.7−0.6
+2.2
−2.2
+5.5
−5.3
+480
−480
+240
−250
+ 90
−100
+350
−230
+360
−230 . . .
+123.7
− 93.3
+128.2
− 59.7
+0.0
−0.0
+159.0
− 77.1
+340
−490
+210
−240
+110
−110
+340
−150
+320
−130
+121
− 57
HVS17 −0.8 25.6 23.3 190 280 310 460 −20 83 −12.3 4.2 0.0 13.4 110 380 400 560 430 65
Stat. +0.7−0.6
+2.1
−2.0
+1.9
−1.8
+60
−60
+30
−40
+30
−30
+20
−20
+30
−20 . . .
+3.4
−3.8
+3.7
−3.4
+0.0
−0.0
+4.1
−3.7
+70
−70
+40
−40
+30
−20
+30
−10
+30
−20
+6
−5
HVS18 −28.7 83.5 −43.3 30 470 −130 560 190 0 −24.2 −27.6 0.0 77.3 −70 470 −240 570 540 221
Stat. +1.9−2.1
+8.7
−7.5
+3.9
−4.5
+300
−300
+130
−130
+200
−200
+160
− 90
+160
− 90 . . .
+64.9
−70.4
+ 63.2
−191.7
+0.0
−0.0
+185.5
− 40.4
+310
−160
+80
−60
+140
−130
+100
− 70
+190
− 80
+332
− 99
HVS19 −17.6 −36.9 77.0 −230 90 560 920 540 0 11.9 −44.5 0.0 98.1 −210 50 610 910 920 126
Stat. +1.1−1.2
+4.5
−4.5
+9.3
−9.2
+750
−760
+410
−400
+220
−220
+470
−300
+470
−300 . . .
+130.9
− 86.3
+67.2
−40.8
+0.0
−0.0
+86.5
−44.4
+700
−730
+410
−360
+200
−200
+450
−260
+450
−230
+69
−34
HVS20 −15.0 −50.8 90.2 40 300 620 970 600 0 −18.8 −86.8 0.0 127.3 10 260 650 960 970 134
Stat. +0.9−0.7
+6.3
−4.6
+ 8.2
−11.1
+720
−720
+410
−400
+240
−240
+480
−360
+480
−360 . . .
+111.3
− 92.6
+61.5
−37.5
+0.0
−0.0
+59.9
−45.2
+720
−670
+420
−410
+230
−200
+470
−340
+470
−320
+72
−36
HVS21 −60.2 13.6 79.8 −130 200 360 590 220 0 −28.4 −22.3 0.0 87.3 −200 150 450 590 620 194
Stat. +5.3−6.2
+1.7
−1.4
+9.5
−8.1
+290
−290
+370
−370
+220
−220
+250
−150
+250
−150 . . .
+108.8
− 50.9
+ 60.7
−120.6
+0.0
−0.0
+95.1
−41.7
+310
−190
+330
−290
+160
−200
+200
− 70
+180
−130
+158
− 64
HVS22 −13.7 −45.4 86.2 −380 730 910 1530 1150 0 21.1 −108.5 0.0 139.1 −370 700 920 1520 1510 91
Stat. +0.8−0.9
+6.5
−7.6
+14.4
−12.3
+950
−970
+590
−560
+320
−310
+690
−560
+690
−560 . . .
+114.2
− 83.0
+46.5
−39.2
+0.0
−0.0
+62.9
−43.6
+930
−960
+600
−560
+320
−290
+680
−550
+680
−550
+45
−23
HVS24 −17.1 −35.4 51.2 80 −90 390 460 40 33 −23.1 −20.6 0.0 40.1 10 −170 460 520 610 117
Stat. +0.8−0.8
+3.2
−3.0
+4.4
−4.6
+230
−230
+140
−150
+110
−110
+140
− 80
+140
− 80 . . .
+26.9
−26.0
+23.7
−17.2
+0.0
−0.0
+20.5
−19.2
+250
−170
+160
−120
+80
−60
+90
−40
+ 90
−100
+33
−23
B095 −43.6 16.1 45.3 −120 470 100 550 130 22 −6.0 −82.2 0.0 95.5 −180 350 220 480 450 236
Stat. +3.5−3.5
+1.6
−1.6
+4.5
−4.5
+200
−200
+230
−230
+180
−180
+210
−170
+210
−170 . . .
+115.3
− 44.3
+ 61.3
−197.1
+0.0
−0.0
+216.9
− 49.3
+190
−100
+210
−190
+130
−130
+150
− 70
+160
− 90
+352
− 98
B129 −84.1 −21.8 33.8 −190 −60 250 390 10 47 −54.8 −10.7 0.0 67.9 −260 −90 270 440 490 126
Stat. +6.8−6.9
+2.0
−2.0
+3.1
−3.1
+120
−120
+200
−200
+190
−190
+150
− 80
+150
− 80 . . .
+73.2
−23.3
+21.8
−24.4
+0.0
−0.0
+19.8
−26.5
+150
−120
+150
−170
+180
−110
+110
− 50
+170
−160
+157
− 52
B143 −30.8 7.9 16.1 −200 120 180 290 −190 100 −10.2 −1.9 0.0 10.6 −370 120 240 460 410 77
Stat. +1.8−2.0
+0.7
−0.7
+1.5
−1.3
+20
−20
+30
−30
+30
−30
+10
−10
+10
−10 . . .
+4.0
−3.6
+2.4
−2.2
+0.0
−0.0
+3.3
−3.5
+50
−60
+20
−20
+20
−10
+50
−40
+60
−50
+9
−8
B167 −32.5 −2.7 22.0 −280 210 130 370 −100 99 8.3 −22.1 0.0 24.2 −360 70 230 430 310 119
Stat. +1.8−2.0
+0.2
−0.3
+1.8
−1.7
+40
−40
+50
−50
+40
−40
+40
−40
+40
−40 . . .
+11.0
− 8.3
+5.8
−7.4
+0.0
−0.0
+10.5
− 6.7
+10
−10
+60
−60
+30
−30
+10
−20
+30
−30
+24
−18
B329 40.7 16.6 51.5 160 −240 330 480 70 33 12.6 45.2 0.0 57.2 220 −160 390 500 480 139
Stat. +6.3−5.3
+2.1
−1.8
+6.6
−5.6
+160
−160
+210
−220
+160
−150
+190
−140
+190
−140 . . .
+24.9
−41.7
+36.1
−28.6
+0.0
−0.0
+34.5
−25.2
+100
−160
+220
−240
+130
−110
+160
− 70
+150
−110
+72
−39
B434 −16.2 −22.8 33.7 130 −280 210 380 −80 92 −25.4 14.7 0.0 30.8 0 −280 310 430 580 123
Stat. +0.6−0.7
+1.7
−2.1
+3.1
−2.4
+80
−80
+60
−60
+40
−40
+50
−40
+60
−40 . . .
+ 9.4
−10.5
+12.6
− 9.0
+0.0
−0.0
+12.5
− 9.5
+90
−90
+30
−40
+30
−40
+20
−10
+20
−20
+23
−17
B458 −26.8 −52.5 61.5 170 −20 430 570 180 17 −45.1 −44.8 0.0 79.8 110 −80 460 570 640 132
Stat. +2.0−2.3
+5.7
−6.4
+7.5
−6.7
+360
−350
+220
−220
+210
−200
+270
−190
+280
−190 . . .
+49.4
−46.2
+48.8
−26.5
+0.0
−0.0
+33.6
−29.8
+370
−300
+240
−200
+190
−140
+260
−130
+260
−150
+85
−40
B481 −6.1 28.7 −36.4 −220 −30 −400 460 10 45 12.5 27.5 0.0 30.6 −210 60 −450 500 630 82
Stat. +0.3−0.3
+3.0
−3.1
+3.9
−3.7
+70
−80
+60
−60
+50
−50
+80
−70
+90
−70 . . .
+6.0
−5.4
+7.7
−7.6
+0.0
−0.0
+8.5
−8.4
+70
−70
+80
−80
+40
−40
+60
−40
+50
−40
+8
−7
B485 −26.8 −6.0 27.4 −330 140 270 450 −20 91 4.2 −14.7 0.0 15.4 −390 20 380 540 420 83
Stat. +1.4−1.6
+0.5
−0.6
+2.4
−2.1
+30
−30
+20
−20
+20
−20
+20
−20
+20
−20 . . .
+3.4
−2.8
+1.7
−2.0
+0.0
−0.0
+2.8
−2.1
+10
−10
+30
−30
+10
−20
+10
−10
+10
−10
+9
−8
B537 −22.0 28.2 −26.8 −120 240 −180 320 −130 100 −2.5 −3.1 0.0 5.5 −300 300 −370 570 460 109
Stat. +1.6−1.9
+3.8
−3.3
+3.1
−3.7
+50
−50
+30
−30
+20
−30
+20
−20
+20
−20 . . .
+3.8
−4.7
+3.1
−2.9
+0.0
−0.0
+3.8
−2.8
+80
−50
+60
−50
+60
−90
+70
−60
+210
− 90
+12
−10
B572 −21.6 18.9 −14.0 −70 250 −170 320 −170 100 −12.5 −1.6 0.0 13.2 −220 300 −230 430 310 70
Stat. +1.4−2.0
+2.9
−2.0
+1.5
−2.1
+50
−50
+30
−30
+50
−50
+20
−20
+30
−20 . . .
+5.8
−4.8
+4.8
−4.7
+0.0
−0.0
+4.5
−4.1
+80
−90
+20
−30
+20
−30
+50
−30
+60
−40
+14
−11
B576 −1.9 14.1 48.9 −360 −350 460 680 240 0 32.9 46.0 0.0 56.8 −330 −290 510 670 740 97
Stat. +0.5−0.5
+1.1
−1.1
+3.8
−3.6
+50
−50
+60
−60
+30
−20
+70
−60
+70
−70 . . .
+6.1
−5.6
+8.2
−7.5
+0.0
−0.0
+9.6
−8.9
+50
−50
+60
−70
+20
−20
+60
−60
+60
−50
+5
−5
B576 (BHB) −6.0 5.2 17.8 −110 70 300 330 −200 100 0.1 0.6 0.0 1.0 −170 200 590 650 730 45
Stat. +0.2−0.2
+0.5
−0.4
+1.6
−1.4
+20
−20
+30
−30
+10
−10
+10
−10
+20
−20 . . .
+1.0
−0.8
+1.1
−0.8
+0.0
−0.0
+1.0
−0.6
+ 60
−110
+40
−70
+60
−40
+80
−50
+80
−80
+4
−3
B598 1.7 −0.5 20.4 40 50 300 310 −210 100 −0.7 −2.1 0.0 3.4 30 −20 550 550 610 50
Stat. +0.7−0.7
+0.1
−0.1
+1.4
−1.3
+60
−60
+60
−60
+30
−30
+30
−20
+30
−20 . . .
+2.4
−2.6
+2.3
−2.6
+0.0
−0.0
+2.5
−1.9
+40
−40
+40
−40
+60
−60
+60
−60
+50
−50
+5
−4
B598 (ELM) −5.5 −0.1 5.8 110 190 270 350 −260 100 −6.7 −3.4 0.0 7.5 0 160 340 380 370 18
Stat. +0.5−0.4
+0.1
−0.1
+0.9
−0.8
+20
−20
+20
−20
+10
−10
+20
−20
+20
−10 . . .
+0.6
−0.5
+0.4
−0.4
+0.0
−0.0
+0.4
−0.5
+20
−20
+20
−30
+20
−20
+20
−20
+20
−20
+3
−2
B711 1.4 0.4 20.8 340 90 150 380 −150 100 −23.4 −6.3 0.0 24.3 210 60 290 370 430 84
Stat. +0.8−0.7
+0.1
−0.1
+1.6
−1.5
+30
−30
+30
−30
+20
−20
+20
−20
+30
−20 . . .
+3.5
−4.4
+1.7
−1.7
+0.0
−0.0
+4.4
−3.5
+30
−30
+20
−20
+20
−20
+10
−10
+10
−10
+10
− 9
B733 −4.9 4.0 11.0 260 150 360 470 −100 100 −11.0 −0.4 0.0 11.0 160 170 430 490 470 27
Stat. +0.3−0.3
+0.3
−0.3
+0.8
−0.8
+20
−20
+20
−20
+10
−10
+10
−10
+10
−10 . . .
+0.5
−0.5
+0.5
−0.5
+0.0
−0.0
+0.5
−0.5
+20
−20
+20
−20
+10
−10
+10
−10
+10
−10
+2
−2
B1080 −22.1 −33.7 38.2 −250 −230 180 400 −30 67 15.5 7.5 0.0 24.4 −210 −290 350 500 480 146
Stat. +1.1−1.2
+2.5
−2.8
+3.2
−2.9
+130
−130
+100
−100
+110
−110
+90
−50
+90
−50 . . .
+35.0
−17.6
+32.8
−18.2
+0.0
−0.0
+40.9
−14.2
+60
−80
+50
−40
+ 70
−120
+60
−40
+100
− 50
+74
−33
B1085 −8.5 −28.7 31.1 −380 −260 190 500 40 21 34.5 8.8 0.0 35.9 −280 −320 300 520 460 121
Stat. +0.1−0.1
+2.3
−2.5
+2.7
−2.5
+60
−60
+30
−40
+30
−30
+50
−50
+60
−50 . . .
+14.3
−10.5
+8.9
−6.2
+0.0
−0.0
+15.8
−11.3
+60
−70
+20
−20
+40
−40
+30
−20
+40
−30
+23
−18
B1139 −2.8 21.9 12.0 160 200 170 310 −200 100 −10.9 5.8 0.0 12.6 70 330 230 410 270 59
Stat. +0.7−0.6
+2.6
−2.3
+1.4
−1.3
+40
−30
+20
−20
+30
−30
+20
−20
+30
−20 . . .
+1.8
−2.2
+3.5
−3.1
+0.0
−0.0
+3.0
−2.5
+50
−50
+30
−30
+20
−20
+20
−20
+30
−20
+7
−6
Notes. Results and statistical uncertainties (“Stat.” row) are given as median values and 1σ confidence limits. Quantities are described in Sect. 6.
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Table A.2. Kinematic quantities for the program stars based on Model II.
Object x y z 3x 3y 3z 3Grf 3Grf − 3esc Pb xp yp zp rp 3x,p 3y,p 3z,p 3Grf,p 3ej,p τflight,p
(kpc) (km s−1) (%) (kpc) (km s−1) (Myr)
HVS1 −101.3 −100.9 83.5 −390 −340 450 710 440 0 −26.8 −34.6 0.0 66.7 −440 −390 470 770 770 177
Stat. +7.6−6.9
+8.2
−7.5
+6.2
−6.8
+160
−160
+130
−140
+170
−170
+70
−40
+70
−40 . . .
+60.9
−37.7
+51.6
−31.7
+0.0
−0.0
+33.2
−32.1
+170
−110
+150
−100
+150
−110
+50
−30
+120
−100
+83
−47
HVS4 −61.9 −14.1 50.8 −360 −300 360 630 280 0 −10.0 23.5 0.0 43.8 −440 −260 440 670 820 128
Stat. +4.1−4.8
+1.1
−1.3
+4.5
−3.9
+180
−180
+170
−180
+160
−160
+110
− 60
+110
− 60 . . .
+53.0
−32.1
+21.4
−17.6
+0.0
−0.0
+28.2
−21.6
+210
− 90
+150
−200
+110
−120
+80
−30
+ 70
−130
+62
−35
HVS5 −32.1 15.9 22.9 −400 300 410 650 240 0 −8.6 −1.0 0.0 9.1 −510 320 460 760 670 52
Stat. +2.2−2.4
+1.7
−1.5
+2.4
−2.1
+30
−30
+50
−50
+30
−30
+10
−10
+20
−20 . . .
+2.4
−2.3
+3.0
−2.7
+0.0
−0.0
+2.3
−2.3
+40
−50
+40
−30
+20
−20
+30
−20
+80
−60
+6
−5
HVS5 (Brown 2015) −37.5 19.5 28.1 −420 260 420 650 260 0 −8.8 1.8 0.0 9.9 −520 310 470 760 740 62
Stat. +3.4−3.4
+2.3
−2.3
+3.3
−3.3
+40
−40
+60
−70
+40
−30
+10
−10
+20
−20 . . .
+3.5
−3.3
+4.6
−4.0
+0.0
−0.0
+3.5
−3.3
+50
−50
+40
−50
+20
−20
+30
−20
+110
− 90
+8
−7
HVS6 −20.3 −23.6 45.0 −150 −150 450 530 140 0 −4.4 −7.0 0.0 17.3 −220 −230 560 640 660 89
Stat. +1.1−1.2
+2.2
−2.4
+4.5
−4.1
+160
−160
+120
−120
+80
−80
+60
−30
+60
−30 . . .
+15.2
−14.0
+12.9
−11.3
+0.0
−0.0
+11.5
− 9.1
+150
− 80
+130
− 60
+40
−50
+50
−40
+90
−80
+17
−13
HVS7 −11.1 −25.1 40.3 −200 0 450 500 100 0 6.1 −21.9 0.0 23.9 −200 −90 510 560 520 82
Stat. +0.3−0.3
+2.1
−2.5
+3.9
−3.3
+90
−90
+50
−50
+40
−40
+50
−40
+50
−40 . . .
+8.3
−7.1
+4.7
−5.0
+0.0
−0.0
+5.5
−4.8
+70
−80
+60
−60
+30
−20
+30
−20
+30
−30
+10
− 8
HVS8 −29.7 −13.2 26.3 −410 80 260 500 80 0 8.6 −16.2 0.0 19.2 −440 −40 350 570 440 85
Stat. +1.6−1.8
+1.0
−1.1
+2.2
−2.0
+60
−60
+60
−60
+40
−40
+50
−40
+50
−40 . . .
+9.9
−7.6
+4.9
−5.5
+0.0
−0.0
+8.4
−5.8
+30
−40
+70
−70
+30
−40
+20
−10
+40
−20
+14
−11
HVS9 −44.7 −70.6 80.9 50 −180 520 710 400 0 −48.3 −40.8 0.0 95.3 0 −220 550 710 760 146
Stat. +3.7−3.9
+7.1
−7.4
+8.5
−8.1
+420
−420
+300
−300
+250
−250
+280
−180
+280
−180 . . .
+71.5
−61.6
+79.2
−42.0
+0.0
−0.0
+50.2
−37.3
+440
−360
+310
−250
+240
−190
+270
−130
+270
−160
+102
− 46
HVS10 −14.5 −16.8 70.2 −250 −190 360 500 140 0 25.4 14.6 0.0 36.9 −190 −160 480 570 590 163
Stat. +0.6−0.6
+1.6
−1.6
+6.6
−6.4
+130
−140
+140
−150
+40
−40
+90
−60
+90
−60 . . .
+25.3
−19.5
+27.9
−20.0
+0.0
−0.0
+28.5
−19.6
+ 90
−130
+ 70
−120
+60
−60
+50
−20
+50
−40
+27
−21
HVS12 −26.1 −42.1 59.5 −50 70 550 570 220 0 −19.5 −46.7 0.0 52.3 −80 20 580 590 610 102
Stat. +1.7−1.9
+4.0
−4.5
+6.4
−5.6
+130
−130
+110
−110
+80
−80
+100
− 80
+100
− 80 . . .
+13.7
−13.1
+12.2
−12.1
+0.0
−0.0
+12.3
−12.3
+130
−120
+120
−120
+80
−70
+90
−60
+80
−70
+18
−14
HVS13 −32.3 −72.1 92.7 −660 −40 340 780 470 0 126.5 −54.2 0.0 149.6 −620 −90 390 770 720 242
Stat. +2.3−2.0
+6.7
−5.9
+7.6
−8.6
+220
−230
+200
−200
+150
−150
+210
−180
+210
−180 . . .
+130.0
− 67.3
+79.1
−43.2
+0.0
−0.0
+119.1
− 56.9
+230
−240
+210
−190
+130
−140
+210
−160
+210
−170
+143
− 68
HVS15 −10.4 −34.2 50.7 −60 −170 280 460 80 22 −0.1 −3.7 0.0 45.4 −80 −240 400 500 560 147
Stat. +0.3−0.3
+3.6
−4.1
+6.1
−5.3
+340
−350
+190
−190
+140
−140
+210
−100
+210
−100 . . .
+65.5
−43.1
+50.5
−29.0
+0.0
−0.0
+52.1
−25.5
+300
−250
+200
−100
+ 80
−140
+140
− 50
+130
−100
+82
−39
HVS16 −1.5 −24.2 60.4 −270 −470 210 680 310 4 53.6 79.6 0.0 130.9 −210 −430 290 650 660 222
Stat. +0.7−0.6
+2.2
−2.2
+5.5
−5.3
+480
−480
+240
−250
+ 90
−100
+350
−230
+360
−230 . . .
+128.2
− 96.9
+136.7
− 62.0
+0.0
−0.0
+168.7
− 80.2
+350
−490
+210
−250
+110
−110
+350
−160
+330
−140
+130
− 60
HVS17 −0.8 25.6 23.3 190 270 310 460 30 2 −12.3 4.4 0.0 13.5 120 370 390 550 430 65
Stat. +0.7−0.6
+2.1
−2.0
+1.9
−1.8
+60
−60
+30
−40
+30
−30
+20
−20
+30
−20 . . .
+3.4
−3.8
+3.7
−3.5
+0.0
−0.0
+4.1
−3.7
+70
−70
+40
−40
+30
−30
+30
−10
+30
−20
+6
−5
HVS18 −28.6 83.5 −43.3 30 460 −130 560 240 0 −25.2 −25.7 0.0 77.4 −60 470 −230 570 540 221
Stat. +1.9−2.1
+8.7
−7.5
+3.9
−4.5
+300
−300
+130
−130
+200
−200
+160
− 90
+160
− 90 . . .
+65.6
−72.1
+ 62.4
−193.2
+0.0
−0.0
+188.1
− 40.1
+310
−170
+80
−70
+140
−130
+110
− 60
+190
− 80
+336
− 99
HVS19 −17.5 −36.9 77.0 −230 90 560 920 580 0 12.0 −44.7 0.0 98.8 −220 50 600 920 920 127
Stat. +1.1−1.2
+4.5
−4.5
+9.3
−9.2
+750
−760
+410
−400
+220
−220
+470
−300
+470
−300 . . .
+132.9
− 87.0
+68.0
−40.8
+0.0
−0.0
+88.2
−44.6
+700
−740
+410
−360
+200
−200
+450
−260
+450
−240
+71
−35
HVS20 −15.0 −50.8 90.2 40 300 620 970 650 0 −19.0 −87.3 0.0 128.1 20 270 650 960 970 134
Stat. +0.9−0.7
+6.3
−4.6
+ 8.2
−11.1
+720
−720
+410
−400
+240
−240
+480
−360
+480
−360 . . .
+112.7
− 93.3
+61.7
−37.4
+0.0
−0.0
+60.7
−45.2
+720
−670
+420
−410
+230
−200
+470
−340
+470
−330
+73
−37
HVS21 −60.2 13.6 79.8 −130 200 360 590 270 0 −29.4 −22.2 0.0 88.4 −190 150 440 590 620 196
Stat. +5.3−6.2
+1.7
−1.4
+9.5
−8.1
+290
−290
+370
−370
+220
−220
+250
−150
+250
−150 . . .
+111.5
− 50.8
+ 61.5
−124.5
+0.0
−0.0
+99.4
−41.9
+310
−200
+340
−300
+170
−200
+200
− 80
+190
−130
+166
− 65
HVS22 −13.7 −45.4 86.2 −380 720 910 1530 1200 0 21.2 −108.8 0.0 139.5 −370 700 920 1520 1510 91
Stat. +0.8−0.9
+6.5
−7.6
+14.4
−12.3
+950
−970
+590
−560
+320
−310
+690
−560
+690
−560 . . .
+114.9
− 83.4
+46.5
−39.1
+0.0
−0.0
+63.3
−43.6
+930
−970
+600
−560
+320
−290
+690
−560
+690
−550
+46
−23
HVS24 −17.0 −35.4 51.2 80 −90 390 460 90 8 −23.4 −20.7 0.0 40.5 10 −160 450 520 600 118
Stat. +0.8−0.8
+3.2
−3.0
+4.4
−4.6
+230
−230
+140
−150
+110
−110
+140
− 80
+140
− 80 . . .
+27.2
−26.2
+24.0
−17.3
+0.0
−0.0
+20.6
−19.3
+250
−180
+160
−120
+90
−70
+100
− 40
+ 90
−100
+34
−24
B095 −43.6 16.1 45.3 −120 470 100 550 180 13 −8.0 −82.8 0.0 96.3 −170 360 220 480 460 238
Stat. +3.5−3.5
+1.6
−1.6
+4.5
−4.5
+200
−200
+230
−230
+180
−180
+210
−170
+210
−170 . . .
+115.6
− 43.5
+ 62.3
−205.8
+0.0
−0.0
+225.2
− 49.6
+190
−110
+210
−200
+130
−130
+160
− 80
+160
−100
+364
−100
B129 −84.1 −21.8 33.8 −190 −70 250 390 50 27 −55.4 −10.6 0.0 68.3 −250 −90 270 430 480 126
Stat. +6.8−6.9
+2.0
−2.0
+3.1
−3.1
+120
−120
+200
−200
+190
−190
+150
− 80
+150
− 80 . . .
+72.5
−22.9
+22.1
−24.7
+0.0
−0.0
+19.7
−26.1
+150
−120
+150
−170
+180
−110
+120
− 50
+160
−150
+160
− 52
B143 −30.7 7.9 16.1 −200 110 180 290 −140 100 −10.3 −1.8 0.0 10.7 −360 120 240 450 410 77
Stat. +1.8−2.0
+0.7
−0.7
+1.5
−1.3
+20
−20
+30
−30
+30
−30
+10
−10
+10
−10 . . .
+4.0
−3.6
+2.5
−2.3
+0.0
−0.0
+3.3
−3.5
+50
−60
+20
−20
+20
−10
+50
−40
+60
−50
+9
−8
B167 −32.5 −2.7 22.0 −280 210 130 370 −50 90 8.5 −22.4 0.0 24.6 −350 70 220 430 310 120
Stat. +1.8−2.0
+0.2
−0.3
+1.8
−1.7
+40
−40
+50
−50
+40
−40
+40
−40
+40
−40 . . .
+11.3
− 8.5
+5.9
−7.7
+0.0
−0.0
+10.9
− 6.9
+10
−10
+60
−60
+30
−30
+10
−20
+40
−30
+25
−18
B329 40.7 16.6 51.5 160 −240 330 480 120 20 12.8 46.2 0.0 58.2 220 −170 380 500 480 140
Stat. +6.3−5.3
+2.1
−1.8
+6.6
−5.6
+160
−160
+210
−220
+160
−150
+190
−140
+190
−140 . . .
+25.0
−42.8
+37.0
−29.0
+0.0
−0.0
+35.5
−25.4
+100
−160
+220
−240
+130
−110
+170
− 70
+160
−110
+76
−39
B434 −16.1 −22.8 33.7 130 −280 210 380 −30 71 −25.9 15.2 0.0 31.5 0 −280 310 420 570 124
Stat. +0.6−0.7
+1.7
−2.1
+3.1
−2.4
+80
−80
+60
−60
+40
−40
+50
−40
+60
−40 . . .
+ 9.6
−10.7
+13.1
− 9.2
+0.0
−0.0
+13.0
− 9.8
+90
−90
+30
−40
+30
−40
+20
−10
+20
−20
+24
−18
B458 −26.7 −52.5 61.5 170 −20 430 570 230 8 −45.5 −45.1 0.0 80.4 120 −70 460 570 630 133
Stat. +2.0−2.3
+5.7
−6.4
+7.5
−6.7
+360
−350
+220
−220
+210
−200
+270
−190
+280
−190 . . .
+49.8
−46.8
+49.2
−26.5
+0.0
−0.0
+34.1
−29.6
+370
−300
+240
−210
+190
−150
+260
−140
+260
−150
+87
−41
B481 −6.1 28.7 −36.4 −220 −30 −400 460 60 21 12.7 27.9 0.0 31.1 −210 60 −440 500 620 83
Stat. +0.3−0.3
+3.0
−3.1
+3.9
−3.7
+70
−80
+60
−60
+50
−50
+80
−70
+90
−80 . . .
+6.1
−5.5
+7.7
−7.6
+0.0
−0.0
+8.5
−8.4
+70
−70
+80
−80
+40
−40
+60
−40
+50
−40
+8
−7
B485 −26.8 −6.0 27.4 −330 140 270 450 30 2 4.3 −14.8 0.0 15.5 −380 20 370 530 420 84
Stat. +1.4−1.6
+0.5
−0.6
+2.4
−2.1
+30
−30
+20
−20
+20
−20
+20
−20
+20
−20 . . .
+3.5
−2.9
+1.7
−2.0
+0.0
−0.0
+2.8
−2.1
+10
−10
+30
−30
+10
−20
+10
−10
+10
−10
+9
−8
B537 −22.0 28.2 −26.8 −120 230 −180 320 −90 100 −2.5 −3.0 0.0 5.5 −290 300 −370 560 450 111
Stat. +1.6−1.9
+3.8
−3.3
+3.1
−3.7
+50
−50
+30
−30
+20
−30
+20
−20
+20
−20 . . .
+3.9
−4.8
+3.1
−3.0
+0.0
−0.0
+3.9
−2.9
+80
−50
+60
−50
+ 60
−100
+70
−60
+220
− 90
+12
−11
B572 −21.6 18.9 −14.0 −70 250 −170 320 −130 100 −12.6 −1.5 0.0 13.3 −210 290 −230 430 300 71
Stat. +1.4−2.0
+2.9
−2.0
+1.5
−2.1
+50
−50
+30
−30
+50
−50
+20
−20
+30
−20 . . .
+5.8
−4.8
+4.8
−4.7
+0.0
−0.0
+4.6
−4.2
+ 80
−100
+20
−30
+20
−30
+50
−30
+60
−40
+14
−12
B576 −1.9 14.1 48.9 −360 −350 460 680 290 0 33.3 46.7 0.0 57.5 −330 −290 510 670 730 98
Stat. +0.5−0.5
+1.1
−1.1
+3.8
−3.6
+50
−50
+60
−60
+30
−20
+70
−60
+70
−70 . . .
+6.1
−5.6
+8.2
−7.6
+0.0
−0.0
+9.7
−8.9
+50
−50
+60
−70
+20
−20
+60
−60
+60
−50
+5
−5
B576 (BHB) −6.0 5.2 17.8 −110 70 300 330 −160 100 0.1 0.6 0.0 1.0 −170 210 590 660 730 45
Stat. +0.2−0.2
+0.5
−0.4
+1.6
−1.4
+20
−20
+30
−30
+10
−10
+10
−10
+20
−20 . . .
+1.0
−0.8
+1.1
−0.8
+0.0
−0.0
+1.0
−0.6
+ 60
−120
+40
−80
+60
−40
+70
−50
+80
−70
+4
−3
B598 1.7 −0.5 20.4 40 50 300 310 −170 100 −0.7 −2.1 0.0 3.4 30 −30 550 550 610 51
Stat. +0.7−0.7
+0.1
−0.1
+1.4
−1.3
+60
−60
+60
−60
+30
−30
+30
−20
+30
−20 . . .
+2.4
−2.6
+2.3
−2.6
+0.0
−0.0
+2.5
−1.9
+50
−50
+50
−50
+60
−60
+70
−60
+60
−50
+5
−4
B598 (ELM) −5.5 −0.1 5.8 110 190 270 350 −220 100 −6.6 −3.4 0.0 7.5 0 150 340 380 370 18
Stat. +0.5−0.4
+0.1
−0.1
+0.9
−0.8
+20
−20
+20
−20
+10
−10
+20
−20
+20
−10 . . .
+0.6
−0.5
+0.4
−0.4
+0.0
−0.0
+0.4
−0.5
+20
−20
+20
−30
+20
−20
+20
−20
+20
−20
+3
−2
B711 1.4 0.4 20.8 340 90 150 380 −100 100 −23.8 −6.3 0.0 24.7 210 60 290 370 420 85
Stat. +0.8−0.7
+0.1
−0.1
+1.6
−1.5
+30
−30
+30
−30
+20
−20
+20
−20
+30
−20 . . .
+3.7
−4.6
+1.7
−1.7
+0.0
−0.0
+4.5
−3.6
+30
−30
+20
−20
+20
−20
+10
−10
+10
−10
+10
− 9
B733 −4.8 4.0 11.0 260 150 360 470 −60 100 −10.9 −0.3 0.0 10.9 160 170 430 490 470 27
Stat. +0.3−0.3
+0.3
−0.3
+0.8
−0.8
+20
−20
+20
−20
+10
−10
+10
−10
+10
−10 . . .
+0.5
−0.5
+0.5
−0.5
+0.0
−0.0
+0.5
−0.5
+20
−20
+20
−20
+10
−10
+10
−10
+10
−10
+2
−2
B1080 −22.0 −33.7 38.2 −250 −230 180 400 20 38 15.9 7.8 0.0 24.9 −210 −290 350 490 480 148
Stat. +1.1−1.2
+2.5
−2.8
+3.2
−2.9
+130
−130
+100
−100
+110
−110
+90
−50
+90
−50 . . .
+37.0
−18.0
+34.8
−18.5
+0.0
−0.0
+43.7
−14.6
+60
−90
+50
−40
+ 70
−130
+60
−40
+100
− 50
+79
−34
B1085 −8.5 −28.7 31.1 −380 −260 190 500 90 2 35.3 9.2 0.0 36.8 −280 −320 290 520 460 123
Stat. +0.1−0.1
+2.3
−2.5
+2.7
−2.5
+60
−60
+30
−40
+30
−30
+50
−50
+60
−50 . . .
+14.8
−10.8
+9.2
−6.4
+0.0
−0.0
+16.4
−11.6
+60
−70
+20
−20
+40
−40
+30
−20
+50
−30
+24
−18
B1139 −2.8 21.9 12.0 160 200 170 310 −150 100 −10.9 6.0 0.0 12.8 80 330 230 410 260 59
Stat. +0.7−0.6
+2.6
−2.3
+1.4
−1.3
+40
−30
+20
−20
+30
−30
+20
−20
+30
−30 . . .
+1.8
−2.2
+3.5
−3.1
+0.0
−0.0
+3.0
−2.5
+50
−50
+30
−40
+20
−20
+20
−20
+30
−20
+7
−6
Notes. Same as Table A.1.
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Appendix B: Photometry and SED fitting
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Fig. B.1. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; GALEX: violet.
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Fig. B.2. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia: cyan.
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Fig. B.3. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; GALEX: violet.
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Fig. B.4. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; VISTA: dark red; SkyMapper: orange.
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Fig. B.5. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia: cyan;
GALEX: violet.
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Fig. B.6. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; GALEX: violet; VISTA: dark red.
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Fig. B.7. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia: cyan;
GALEX: violet.
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Fig. B.8. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; GALEX: violet.
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Fig. B.9. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia: cyan.
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Fig. B.10. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; VISTA: dark red.
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Fig. B.11. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan.
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Fig. B.12. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; VISTA: dark red; VST-KiDs: dark green.
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Fig. B.13. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; GALEX: violet.
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Fig. B.14. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet.
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Fig. B.15. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet.
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Fig. B.16. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan.
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Fig. B.17. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan.
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Fig. B.18. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet.
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Fig. B.19. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; BATC: orange.
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Fig. B.20. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; VISTA: dark red; VST-KiDs: dark green.
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Fig. B.21. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet.
2.5
2
1.5
1
0.5
500002000050002000 100001000
0.5
0
-0.5
B129
fλ
3
(1
0−
5 e
rg
cm
−2
s−
1
Å
2 )
λ (Å)
m
x,
m
od
el
−
m
x
(m
ag
)
z
irg
u
zirg
y
H
GBP
GRP
G
Fig. B.22. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan.
6
5
4
3
2
1
500002000050002000 100001000
0.5
0
-0.5
B143
fλ
3
(1
0−
5 e
rg
cm
−2
s−
1
Å
2 )
λ (Å)
m
x,
m
od
el
−
m
x
(m
ag
)
z
irg
u
zirg
y
NUV
FUV
GBP
GRPG
Fig. B.23. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet.
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Fig. B.24. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan.
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Fig. B.25. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; GALEX: violet.
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Fig. B.26. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan.
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Fig. B.27. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan.
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Fig. B.28. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan.
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Fig. B.29. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; Johnson: orange.
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Fig. B.30. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet.
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Fig. B.31. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan.
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Fig. B.32. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet.
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Fig. B.33. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan.
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Fig. B.34. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; 2MASS:
red; Gaia: cyan; Johnson: orange.
2
1.5
1
0.5
500002000050002000 100001000
0.5
0
-0.5
B1080
fλ
3
(1
0−
5 e
rg
cm
−2
s−
1
Å
2 )
λ (Å)
m
x,
m
od
el
−
m
x
(m
ag
)
z
ir
g
u
zirg
y
NUVFUV
Y
GBP
GRPG
Fig. B.35. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; UKIDSS:
red; Gaia: cyan; GALEX: violet.
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Fig. B.36. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan; GALEX: violet; VISTA: dark red; SkyMapper: orange; VST-
KiDs: dark green.
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Fig. B.37. Same as Fig. 6. SDSS: blue; Pan-STARRS: green; Gaia:
cyan.
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